


'Phis report, i s  a preliminzry copy of rsrt of a larger 
nrcp~sed  vc!.ume dealing with stil! ing basin  design. The contents 
nf the e n t i r e  proposed report are described under " S c o l ~ "  and the . portion presented hcre i s  given i n  the  "Contents." It was decided 
t o  t i i s t r ibute  t h i s  t en ta t ive  issue because of the reaction of the 
designers who sew portions of the mnusc r ip t  i n  d r a f t  form. Without 
exception, they expressed t h e i r  des i res  t o  have it n ~ d e  avai lable  w 

even i n  t en t e t i ve  form. 

Various members of the  Xydraulic Laboratory S t a f f  have 
contributed c r i t i c a l  comments t o  t h i s  i ssue.  It i s  requested t h a t  
you read t h i s  portion of the repor t  c r i t i c a l l y  and apply the  da ta  
and methods t o  your problems, Ariy inconsistencies o r  incomplete 
sections should be noted and your comments and cr i t ic isms forwarded 
t o  the Hydraulic Laboratory. 

It i s  hoped t h a t  with your help, t h i s  volume w i l l  become 
a usable source of infonaation i n  the design o f  s t i l l i n g  basins  f o r  
a11 types of s t ructures .  Your frank c r i t i c i sms  and comments a re  
desired. 

J. N. Bradley 
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INTRODUCTION 

Although the  Bureau of Reclamation has designed and construc- 
t e d  hundreds of s t i l l i n g  bas ins  and energy d i s s i p a t i o n  devices i n  con- 
junction with spillways, o u t l e t  works, and canal  s t ruc tu res ,  it has been 
necessary i n  m n y  cases t o  make model s tud ies  of individual  s t ruc tu res  
t o  be assured t h a t  these  w i l l  operate a s  ant ic ipated .  The reason f o r  
t h i s  procedure i n  many ceses can be l inked t o  t h e  f a c t  t i t  a f a c t o r  of 
uncer ta in ty  e x i s t s  which i n  re t rospec t  i s  r e l a t e d  t o  an incomplete under- 
s tacding of the  over-a l l  c h a r a c t e r i s t i c s  of t h e  hydraulic jump. This i s  
e s p e c i a l l y  understandable t o  t h e  a u t h o r ,  i n  t h a t  extensive l i b r a r y  
research has f a i l e d  t o  reveal  the  information desired.  Pas t  experiments 
on the hydraulic jump have been made i n  a piecemeal manner; t h e  
connecting l i n k s - a r e  vague o r  nonexistent.  

Purpose 

Due t o  numerous requests  f o r  up-to-date hydraulic desigr. 
information on s t i l l i n g  bas in  and bucket d i s s ipa to r s ,  the labora tory  
i n i t i a t e d  a general  research program on t h e  hydraulic jump i n  1952. It 
was planned t o  begin t h e  program with  a r a t h e r  academic study of the  
hydraulic jump, observing a l l  phases as it occurs i n  open channel flow. 
Then with a supposedly broader understanding of t h i s  phenomenon, proceed 
t o  the  more p r a c t i c a l  aspect  af  s t i l l i n g  bas in  and bucket d i s s ipn to r  
design. 

S t i l l i n g  basins w i l l  be defined as s t r u c t u r e s  i n  which a11 o r  
p a r t  of e hydraulic jump is confined. Other  s t ruc tu res ,  such as 

7 buckets, which do not operate on the hydraulic jump pr inciple ,  w i l l  be 
designated a s  energy d i s s ipa to r s .  No s inglo  s t i l l i n g  basir! or buckctt 
design performs b e s t  f o r  a l l  types of i n s t a l l a t i o n s  e n c u ~ ~ c t e r e d  i n  

v prac t i ce  as the  various s t i l l i n g  bas ins  and buckets hcve physical  



or  b a f f l e s  on thc f l o o r  is  l imi t ed  by- t h e  a b i l i t y  of  t hese  appurtenances 
t o  rercs.in i n t a c t  under t h e  rnost adverse condi t ions  imposed upon them. 
It w i l l  be poss ib l e  t o  consider  only a few of  t h e  many f a c e t s  i n  t h e  
design 3f these  s t r u c t u r e s .  

The p r a c t i c a l  aspect  of t h e  i nves t iga t ions  w i l l  be an at tempt 
t o  genera l ize  t h e  hydraul ic  design of  e x i s t i n g  s t r u c t u r e s ,  deveiop new 
o r  improved designs where needed, and determine t e n t a t i v e  l i m i t a t i o n s  
as t o  s i z e  and capac i ty  of t h e  var ious  s t r u c t u r e s .  

Scope 

The program a s  planned d e s l s  wi th  t h e  hydraul ic  des ign  of  t h e  
following s t r u c t u r e s  which w i l l  appear i n  t h e  order  shown: 

1. General i nves t iga t ion  of  t h e  hydraul ic  jump on hor i zon ta l  
apron 

2. S t i l l i n g  basin,  wi th  hor izonta l  apron u t i l i z i n g  chute 
blocks a t  upstream end and denta ted  s i l l  at downstream end, such as 
a r e  o f t e n  used on e a r t h  d m  spi l lways.  The appurtenances modify t h e  
jump causing it t o  form i n  a  s h o r t e r  t h a n  normal l eng th  

3. Unusually s h o r t  type  of s t i l l i n g  bas in  s u i t a b l e  f o r  cana l  
s t r u c t u r e s ,  small o u t l e t  works, and small sp i l lways  where a d d i t i o n a l  
b a f f l e  blocks r e s u l t  i n  a  f u r t h e r  shor ten ing  of t h e  jump 

4. Wave suppressors  f o r  small c a n a l  s t r u c t u r e s  and d ive r s ion  
darcs where t h e  hydraul ic  jump is uns table  

5 .  S t i l l i n g  bas in  wi th  s loping  apron f o r  l a r g e  c a p a c i t i e s  and 
h i g h  v e l o c i t i e s ,  where appurtenances i n  bas in  a r e  undes i rab le  

6.  The overchute type of d i s s i p a t o r  where b a f f l e  blocks 
d i s t r i b u t e d  over  t h e  e n t i r e  length  and width of  t h e  chute d i s s i p a t e  
t h e  energy i n  the  water as it f a l l s  

7.  A s t i l l i n g  bas in  f o r  d ive r s ion  dams where temporary 
r e t rog res s ion  is expected 

8. k s t i l l i n g  bas in  f o r  d ive r s ion  dams which can accommodate 
both f r e e  and su't~merged flow 

9. The s l o t t e d  bucket f o r  medium and l o w  o v e r f a l l  dams 



t a i l  water  e x i s t s ,  and 

11. The f l i p  bucket which discharges above t h e  t a i l  water.  

A la rge  po r t ion  of t h e  information f o r  t h e  designs t o  be 
considered was c o l l e c t e d  from Hydraulic Laboratory records and experience 
over a 23-year period,  i n t e r spe r sed  wi th  t e s t s  on some of t h e  same 

.' s t r u c t u r e s  i n  t h e  f i e l d .  Also a.dvantage was taken  of  a v a i l a b l e  l i t e r a -  
t u r e  on the subjec t ,  I n  s p f t e  of t h e  f a c t  t h a t  e x i s t i n g  l i t e r a t u r e  
and d a t a  wouid f i l l  volumes, t h e  information i s  f a r  from complete from 
an over-a l l  s tandpoint .  It was t h e r e f o r e  necessary t o  supply t h e  
a i s s l n g  information from cur ren t  experiments.  

Experimental Equibment 

Five t e s t  f l unes  were used a t  one time o r  another  t o  obta in  
t h e  experimental d a t a  requi red  i n  t h e  present  t e s t  p r o g r m ,  Flumes A 
and B, Figure 1 ;  Flumes B and L), Figure 2; and Flurne F, Figure 3 .  The 
arranf:ernent shown es  Flurne E, F igure  3, a c t u a l l y  occupied a po r t ion  of 
F lu ie  D during one s t age  of tlre t e s t i n g  but  it \?ill be designatzd a s  
o s?pn~ .a t e  flurne f o r  ease of  re ference .  Each flume served a u s e f u l  
purpose e i t h e r  i n  ver i fy inf :  s i m i l a r i t y  o r  extending t h e  range of t h e  
experiments. Fltunes A ,  R,  C ,  D, and E contained overflow secxions so 
that t h e  e n t e r i n g  jets f e l l  i n t o  t h e  s t i l l i n g  bas ins  c t  a v e r t i c a l  angle.  

-7. Lnc dt?,zree of t h e  angle varied i n  each case.  I n  Flume F, t h e  e n t e r i n g  
,jet eir~erged fro:? under a v e r t i c ~ l  s l i d e  ga te  so t h e  i n i t i a l  ve loc i ty  
was ho r i zon ta l .  

The e:cperi~ents were s t a r t e d  i n  a model of  t h e  Trenton Dam 
spi l lway,  Fi:p;uril M, h a v i n ~  a smal l  discharge and low ve.Locity. This  
was no4" an i d e a l  p iece  of  equipment f o r  genera l  experimerlts a s  t he  
t raining wal ls  on t h e  chute  were diverging.  This caused the d i s t r i b u t i o n  
of flow en tn r inp  t h e  s z i l l i n c  bas in  t o  s h i f t  wi th  each chanse i n  dis- 
ch-irgc, nonetheless ,  c h i s  p i ece  of  eqcipment served a purpose i n  t h a t  i t  
;LJ r i d : d  i n  get tine t h e  research prograr~l undcTway. 

Tes t s  wcre chen continued i n  a g lass -s ided  l abora to ry  flume 
? f e e t  w i d e  and 40 fee: long i n  which an overflow s e c t i o n  w a s  i n s t a l l e d ,  
Fiunie B, Figure 1. The c r e s t  of  t h e  overf lov s e c t i o n  was 5.5 f e e t  above 
t h e  f l o o r ,  while  t h c  downstr'cim fact wcrs on a s l o p s  of 0.7:l. The 
capaci ty  vas about 10 cfs .  

T 

Later ,  t h e  vork we:; carr ied.  on a t  the  base of a chute  18 inches 
wide having a s lope or" 2 hor i zon ta l  t o  1 ver ' t ical  and a drop of appraxi- 

+ s a t c l y  10 f e e t ,  Flume C ,  Figure 2. The  s t i l l i n g  bas in  had a g l a s s  w a l l  
3n one s ide .  Thc dischnrgc capacifiy was 5 c f s .  



TEST FLUME A 
Width of basin 5 feet,'drop 3 feet, discharge 6 cfs 

TEST FLUME B 
Wid th  2 feet, drop 5. 5 feet, discharge 10 c : f s  



TEST F L U M E  A 
Width of basin 5 feet, drop 3 feet, discharge 6 cfs 

1'EST FLUME B 
Width 2 feet, d rop  5.5 feet, discharge 10 cfs 



FIGURE 

TEST F L U M E  C 
Width 1 . 5  feet.drop 10 feet, discharge 5 cfs, slope 2:l 

TEST FLUME D 
Width 4 feet, drop 12 feet, discharge 28 cfs, slope 0.8:l 



TEST FLUME E 
Width 4 feet, drop 0. 5 to 1. 5 feet, discharge 1@ cfs 

TEST F L U M E  F 
Adjustable tilting type,  maximum slope 12 degrees, width 12  inches,  

Discharge 5 cfs 



I .~~borotory  flume 4 f ee t  wide and 80 f e e t  lonc, i n  which an o v e r f a l l  c r e s t  
trit.11 a s lope  of 0.R:l was installed, Flume D, F i i ~ u r c  2. The drop from 
hcscP~ater  t o  t a i l  water i n  t h i s  case was a ~ p r o x i m a t e l y  12 f e e t ,  and the  
maxitfiu? dischzr[;c bras 28 c f c .  

The  downstream end of t h e  above flume w a s  a l s o  u t i l i z e d  f o r  
t .~;st , ing srriali overflow s e c t i o n s  0.5 t o  1.5 f e e t  i n  he ight .  The maximum 
discharge used was 1.0 cf s. A s  s t e t e d  above, t h i s  p i ece  of equipment 
wj l .1-  be desieriated as Flume S ,  and is  shown on  Figure  3. 

The s i x t h  p i e c s  of equipment was a t i l t i n g  fll.lm~ which could 
bc ad,itlsled f o r  s1~pe.s  up t o  lpO, Flunie F, F igure  3. This flume was 
1 f o o t  wide by 20 f e e t  long; t h e  head ava i l ab le  w a s  2.5 f e e t ,  and t h e  
flow was controll-ed by 2 s l i d ?  gate .  Tne d ischarge  capac i ty  w a s  about 
3 c f s .  

Each piece o f  equipmer=i cont;e.ined a head gage, a t a i l  gage, a 
scr?le f o r  n ~ e a s u r i n ~  t,he length  of the jump, a p o i n t  gage f o r  measuring 
t h c  evereg? d e p h  of flow e n t e r i n g  the  jump, and a means of r e g u l a t i n g  
t h e  t a i l w z t e r  depth. The discharge i n  a l l  c a s e s  was mezsured through 
t h e  labora tory  venturi  ~ e t e r s  o r  por tab le  v e n t u r i - o r i f i c s  meters. The 
t a i l  wekr degth was rneesured by a point gage o p e r a t i n g  in a s t i l l i n g -  
w e l l  i n  cost of the  cases .  The t a i l  water depth was regulated by an 
a d ~ u n t a b l e  weir aL the end  of each flume. 

Rem~,pks 

It is fc3 r, t h e t  t he  deslc;n inforritation t o  be presented w i l l  be 
found econo:nicai es * ~ e l i  as effective, ye t  an e f f o r t  w a s  made t o  lean 
c.o:?ard t h c  c o n ~ e r . v r t i v c  side.  In  o t h e r  words, a moderate f a c t o r  o f  s a f e t y  
t!ss 3ecn i~ciuded '~hroughout.  Thus the  information i s  considered s u i t e b l e  
Yo:, !:cnorol use with t h e  follovin,r; provision: 

I t  should be nadc clear a t  the o u t s e t  t h a t  t h e  in fc rna t ion  
i ~ ~ r c . ~ n  i s  based upon sym7ietriczl and uciform a c t i o n  i n  t h e  s t i l l i n g  
t , ax jns  and bucrets .  Should ent rance  cond i t ions  o r  appurtenances n e a r  
:.!:r head of any of t h e s e  s t r u c t u r e s  tend to produce unsymmetry of 
;':.<35r d w n  t h e  chute and i n  t h e  s t i l l i n g  bas in ,  t h e s e  genera l ized  
des i p s  riicy not be adequa%e. I n  t h i s  case it may be  advisable t o  
make t h e  bas in  i n  question of a more syrm,etr ical  na ture ,  rnore conser- 
vz t ive ,  o r  i t  may be wise t o  inves t  i n  a model s tudy.  Also, should 
g r e z t e r  economy be d e s i r e d  t h a n  these  genera l ized  des igns  indica te ,  
a nlodel st\idy i s  recommended. 



GENERAL INVEST TGAT IOIL' OF TIII: HYDlUULl C 
JUI4P ON HORIZOI'iTAL APLKIN 

(RAF~IN I) 

l n t roduc t  ion 

A tremendous amount of expcritfiental, a s  l ~ c l l  as t h e o r e t i c s l ,  w 

work has been perforrted in connclctiirs~i wiLh t h e  hydraul ic  jwnp on a 
h o r i z o n t a l  apron. To mention a  few of t h e  e x p e r i n ~ n t ~ e r s  who coc t r ibu ted  
bas ic  information, t h e r e  a re :  Bakhmeteff end Xntzke 1/ 9 / ,  Safranez  2 / ,  
Th'ojrcicki 4/, Chertonosov lo / ,  Einwachter 11/, Elrns lg, Finds  14/, 
~ o r c h e i m c r  211, Kennison z/, Kozeny 23, ,?enbock 2'67, ~ c h o ! c l i E c h  25/, 
Woodward - 26/c; and o the r s .  There i s  p z b a b l y  no ? h Z e  of h y d r a u l i c s t h a t  
h a s  rece ived  moTe a t t en t ion ,  y e t ,  fro:n a p r a c t i c a l  viewpoint t h e r e  i s  
s t i l l  much t o  be learned.  

As raent ionud previous ly ,  t h e  f i r s t  phase o f  t h e  present  stltdy 
was academic i n  nature c o n s i s t i n g  of c o r r e l a t i n g  the  r e s u l t s  of o t h e r s  
and o b s e r v i n ~ ;  t i le hydraulic jump throughout i t s  various phases; the  
prinary purpose being t o  become b e t t e r  acquainted wi th  t h e  o v e r - a l l  jump 
phenomenon. The objec t ives  i n  mind wcre: (1 )  t o  de t e rn ine  t h e  a p p l i -  
c a b i l i t y  of t h e  hydraul ic  jump fo rxu la  f o r  t h e  e n t i r e  range o f  condi t ions  
e-xperienced i n  design; ( 2 )  as on ly  a  l imi t ed  mount of  information e x i s t s  
on :he length of jump, it w a s  d e s i r e d  t o  c o r r e l a t e  e x i s t i n g  d a t z  and 
extend t h e  range of t h e s e  determinat ions;  and (3)  it was des i r ed  t o  
observe the  var ious  forms o f  t h e  :ump and t o  ca t a log  and eva lua te  them. 

Current Experimentation 

To s a t i s f a c t o r i l y  observe t h e  hydraul ic  junp throughout i t s  
entire range requi red  a t e s t i n g  program i n  a l l  of  t he  si,x flumes shown 
on F i p r e s  1, 2, and 3 ,  This involved about 125 t e s t s ,  Table 1, at 
d ischarges  from 1 t o  28 cfs .  The number o f  flumes used enhanced the 
value o f  t h e  r e s u l t s  i n  t h a t  it was p o s s i b l e  t o  observe t h e  degree of  
s i m i l i t u d e  obtained f o r  the  var ious  s c a l e s .  Grea tes t  r e l i a n c e  w a s  
n a t u r c l l y  pleced on t h e  r e s u l t s  from the  l a r g e r  s c a l e s ,  o r  l a r g e r  flumes, 
as it. i s  wel l  known t h a t  t h e  jtunp ac t ion  i n  srna'l i models occurs  t o o  
r i l l~ id ly  f o r  t h e  eye t o  follow d e t a i l s .  Inc iden ta l ly ,  t h e  length  of  jump 
obtained from t h e  two smal le r  flumes, A and F, was c o n s i s t e n t l y  s h o r t e r  
than t h a t  observed f o r  t he  l a r g c r  flumes. This  was the  r e s u l t  of  out-of-  
s c n l e  f r i c t i o n a l  r e s i s t ance  on t h e  f l o o r  and s i d e  wal l s .  A s  t e s t i n g  

C 

advanced and t h i s  def ic iency  bccarnc b e t t e r  undcrstood, some allowance 
vns made f o r  t h i s  e f f e c t  i n  t h e  observa t ions .  

b 







Def in i t ions  of  t h e  symbols used i n  connect ion wi th  t h e  hydraul ic  
,;urr,p on a ho r i zon ta l  f l o o r  a r e  shown on Figure 4. The procedure followed 
i n  each t e s t  of t h i s  s e r i e s  was t,o f i r s t  e s t a b l i s h  a flow. The t a i l  
water depth was then  grndua.11~ increased u n t i l  t he  f r o n t  of  t h e  jump 
rcoved upstream t o  Sec t ion  1, ind ica t ed  on Figure I+. The t a i l  water was 
then  neasured, the l ength  of  che jump recorded, and t h e  depth of  flow 

d e n t e r i n g  the jurr,p, Dl, was obtained by averaging 8. generous number of 
poinT. gage nensurenents taken immedzately upstream from Sect ion  1, 
F l p ~ r e  4. The r e s u l t s  of  t h e  measurements and succeeding computations 
nl-e t abu la t ed  in  Table 1. The measured quantit; ies a r e  t a b u l a t e d  as 
follows: z o t a l  discharge (column 3 ) ,  t a i l  water depth,  which should be 
t h e  conjugate d e p t h  i n  this case  (column 6 ) ,  l eng th  of jump (column 11)) 
and cicpth oi' flow e n t e r i n g  jump ( ~ o l w n n  8).  

Column 1 i n d i c a t e s  t h e  t es t ;  S l u m s  i n  which ?-he experiments 
were performed, and Colunn 4 shows t h e  width 3f each flume. A l l  compu- 
tc"lons a r e  based on disc!larce _oer f o o t  widl?: of  flume, o r  q, and u n i t  
i?ischar!ges a r e  shown i n  Column 5 .  

The ve loc i ty  e n t e r i n ~  t h e  Jux? V 1 ,  Column 7, was computed by 
d iv id ing  q (column 5) by Dl (~o lumn 8) .  

Tbc F r ~ u d e  fSuxbi.r 

T h e  Froude number, ?oltmm 10, Tabl-e 1, is  sirnply: 

1 

wherc Fl i s  a di:r,ensionless. pararr.et;cr, '11 end Dl a r e  ve loc i ty  and dcnth 
of' f l c w ,  respec t ive ly ,  entering t h e  jurr.?, and kz is t h e  acceleration of 
. .. c , .  , . L ~  . The law of s i r? i l i t i ldc  stat.es t h a t  \]here ~;rrsvitn';j.onrrl forces  
=.l~-r:ds~?i,nn:c, as thcy  do ir. open cha;:rlr?l phenofnenor,, thtr Fro;tdc number 
~:)!(-.uld 51, L!?C sa?ln value in -ode1 %::+ 2rote)typ~. A l t h o u ~ h  encr=- con- 
-ic?rsi>n:; i n  a hydraul ic  j u m p  bcnr :'on? rc l r? t ion  t o  thc Rsynolds nunber, 
:;r:r:ii,y r'orcqs yrcdominctc acd, ';he Froude r.mbcr i s  very usc:fu? : ' r ~ r  

plo-,ting s t i l l i n g  bas in  chs rac t c r i : ;~ i c r ; .  Eahkmete f f  end F12:.7!.t. ! / - 
d~r.ms.t.rated t h i s  npp l i ca t ion  4 n I 5~36 wi~cr.  t h y  r e l e t c d  ;f,:'i.Llnb; I n s i n  v' .. . chi~r ,- . .c t t . r int ics  53 tnc squerc o f  t he  Frotide nurxbcr or' . , ::?I/ ter:ned q LhLi; ~ ~ X T ) ~ P E S ~ O I ~  :,he i l inc t ic  ?lo:: factor. 

I . 3 .  '?he j + c ~ ~ ~ d c  ! i - ~ ~ b ( - r  .I- 2e :hrf-).yi:c~:z ~1;:s I ~ W S  7: ! 'd :1 ' . z  i.~!i. 
/is t h e  ncceleratio:;  of e r a v i t y  is a con:;tnnt, t t ic :err; ;, ccj'tld 5c o ~ i i t t ~ c d .  

I .. C : ,- i n c i ~ l s i o n  mnlies t h e  cxpression d i n c n s i o ~ l e r ; ~ ,  hovevcr, rincl $he f'orm 
~ ' 3 3 ~ 0  as (1) is  prefer red .  



Q = Total discharge in  c.f.s. E, - EZ  = Enerqy  loss in  jump; 
W = Width of f l u m e  i n  f ee t .  
q = Discharge in  c.fs. per f o o i  of width. 
E l  = Enerqy entering j u m p .  
E z =  Energy leaving jump. 

VI Fl = Froude n u m b e r  - G, 
Dj = Dz-Dl - Height  of jump. 
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The theory  o f  t h c  hydrc~ulir :  j11np i n  h o r i z o n t a l  c h s n n r l s  has 
beer! trco.tcil thorou:;hly by o t h e r s  ( see  ~iLl . io[ : rnphy) ,  and w i l l  no t  bc 
1.cptlat.cd h e r e .  Tho exqxess ion  fo;. the hjrdrau1i.c ,jump, based on 
pscs::ure-rno:n::nturn, occurs  i n  many f o r a s .  The f o l l o w i n g  form is most 
conmonly used i n  the Bureau - 15/. 

T h i s  :cay a l s o  be w r i t t e n :  

C a r r y i n g  Dl o v e r  t o  t h e  l e f t  s i d e  of  t h e  e q u a t i o n  and 
s u t c i t i t u t i n g  F~~ f o r  V1 2 

E q '  

" ~ x p r e s s i o n  (3 )  shows t h a t  t h e  r a t i o  o f  c o n j u g a t e  d e p t h s  is  
s t r  ictljr a f u 9 c t i o n  o f  t;hc Froude nvmber. The r a t i o  I)2 is  p l o t t e d  w i t h  
r e s p e c t  t o  t he  Froude number on F igure  5. The l i n e ,  'Di: which i s  v i r t u a . 1 1 ~  
:;:.rnl,z!:t, except for  t h e  lower end,  r e p s c s e n t s  t h e  above e x p r e s s i o n  f o r  
tk:? ' 1 :~drsul ic  . ; u I ~ ;  vhi.12 t h ~  poir i t s  which 3rc c?xpcrimcntaI a r e  from 
I :  i d  0 ,  a . The agreeri,ent i s  quftc:  good f o r  t h e  entire 
r.ani"r2. 'l'hcr.e is an unsuspected c h a r a c t e r i s t i c ,  however, which shou ld  b e  
:r.cdi.t ioned h e r e  b u t  w i l l  be e n l a r g e d  on l a t e r .  

Although t h e  t a i l .  wnter  depch, r ecorded  i n  Colunn 6 o f  T a b l e  1, 
war s u f f i c i e n t  t o  b r i n g  the  f r o n t  o f  t h e  jump t o  Sect ion 1 ( F i g u r e  4) i n  
c::cii test, t h e  a b i l i t y  o f  %he ,juqp t o  remain a t  S e c t i o n  1 f o r  a s l i g h t  
1ow::ring of tail. v a t e r  depth  bccarc rv:ox-e d i . f f i c u l t  f o r  t h e  h i g h e r  and 
iovir:. v,z?uer, o f  t h c  Frouae nuxber. 'The j m p  war; l e a s t  s e n s i t i v e  t o  
v a r i a t i o n  i n  tail water d e p t h  i n  t h e  niiddle range,  o r  v a l u e s  of F1 from 
14.5 :o 9. 
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The length  of t h e  jump, Colurnn 11, Table 1, was t h e  most d i f f i -  
c u l f  !necsurenient t o  determine. I n  case6 where chutes  o r  o v e r f a l l s  were 
used, t h e  f r m t  of t h e  jump wcs he ld  near  t h e  i n t e r s e c t i o n  of t h e  chute  
and *he hor izonta l  f l o o r ,  as shown on Figure 4. The l e n ~ t h  of jump was 
measured from t h i s  poin t  'LO a poin t  downstream where e i t h e r  t h e  high- 
ve loc i ty  ,jet bet;an t o  leave  t h e  f l o o r  'o r  t o  a po in t  on t h e  su r face  "' 
i ,med ia t e ly  downstream from the  r o l l e r ,  whichever Iras t h e  longer .  I n  
t n e  case of F1u:ne F, where t h e  flow discharged from a ga te  onto R 

hor i zon ta l  f l o o r ,  t h e  f r o n t  of t h e  junp w a s  maintained j u s t  downstream 
froai ;he c o ~ p l - e t e d  con t rac t ion  of t h e  e n t e r i n g  j e t .  The po in t  at which 
the  high-veloci ty jet. begins t o  r i s e  from t h e  f l o o r  is not f ixed ,  bu t  
tends  t o  s h i f t  upstream and downstream. This  is  a l s o  t n t e  of  t h e  r o l l e r  
or? tile sur face .  It was a t  f i r s t  d i f f i c u l t  t o  repea t  l eng th  observat ions 
v i t i l in  5 t a  10 percent  by e i t h e r  c r i t e r i o n ,  but  with p r a c t i c e  s a t i s f a c t o r y  
mensurernents becane poss ib le .  

A system devised t o  measure v e l o c i t i e s  on t h e  bottom, t o  a i d  
i n  deterininins t h e  len@h of  jump, proved inadequate and t o o  l abor ious  
t o  allow completion of t h e  program plenned. Visual observat ions,  t h e r e -  
fore, proved t o  be t h e  most s a t i s f a c t o r y  a s  w e l l  a s  t h e  most r ap id  
aethod f o r  determining t h e  length measurement. I t  w a s  t h e  i n t e n t i o n  t o  
j u d ~ c  the  l eng tn  of t h e  jump from a p r a c t i c a l  s tandpoin t ;  i n  o the r  words, 
the  end of t h e  jun?, a s  chosen, would represent  t he  end of t h e  concre te  
f l o o r  and s i d e  wal l s  of a conventional still in^ bas in .  

The l e n g t h  of J u i p  has been p l o t t e d  i n  two ways. Tne f i r s t  i s  
pernaps t n e  b e t t e r  method while  t h e  second i s  t h e  more cornlion. The 
f i rs t  nethod is shown on Fie;ure 6 where t h e  r a t i o  l eng th  of  jump t o  Dl 
(~ 'o luxr .  13, Tabie 1) i s  p l o t t e d  with r e s p e c t  t o  t h e  Froudc number, 
(~olu lnn  10)  for r e s u l t s  from tho  s i x  t e s t  flumes. The r e s u l t i n g  curve 
is f a i r l y  f l a t ,  which is t h e  p r i n c i p a l  advantage gained by t h e  use of 
thcse  coordina tes .  The second method of' p l o t t i n g ,  where t h e  r a t i o  of 
l ~ n g t h  of jump tc the con,jugar;e t a i l  water  depth D2 (column 12)  i s  
plokted with rcspec t  t c  t h e  Froudc number, i s  presented on Figure 7. 
'This i t i t t a r  nethod of p l o t t i n g  w i l l  Se used throughout t h e  study. The 
yoin is represen: the expe r i i~en tn l  values.  

III zddiTion t o  ti le curve entitS1i:;hcd by the  t e s t  poin ts ,  curves 
r e p ~ . ~ s r ? ! i t i r : ~  t h e  r e s u l t s  of  three  o the r  exper inenters  are shown on Figure 
7. T h e  bes: kcown :ind nos: w i d e l y  accepted ccrve f o r  length  of  jump is  
t h ~ t  of 2rriihcicteff and Matzic 1/ wllich was decernined from experiments - 
rnc~de at  L'~31unI)ia Cinl1~crsit.y. The g rcn tc r  po r t ion  of t h i s  curve, l a b e l l e d  
1 ,  i c  a t  * ~ ~ r i a n c c  with t h e  present experimental r e s u l t s .  Because of t he  

usc t h i s  curvc nns cxpc-ienced, a rrrtncr complete explanat ion is 
-,- r - s ~ n t e d  , regardin; t h e  disagrecrncnt . 







fluwe 6 inches wide, with l i n i t e d  head. The depth of f low e n t e r i n g  t h e  
,juu:lp was ad jus t ed  by a v e r t i c a l  s l i d c  gate .  The maxitnurn discharge was 
approximately 0.7 c f s ,  and t h e  th ickness  of t hc  j e t  e n t e r i n g  the  jurnp, 
D l ,  w a s  0.25 foo t  f o r  a Froude number of 1.94. The r e s u l t s  up t o  a 
Froudc nurzber of 2.5 arc i n  agreerncr~t with i;hc present  experirncnts. 
So increase  t h e  Froude number, it was necessary f o r  13al;hmcteff and. 
Yn tzke  t o  decrezse t h e  gate  openins.  The extreme case  involved a 
dischrrge of 0.14 cfs and a va lue  of Dl of 0.032 foo t ,  f o r  F1 = 8.9, 
vhich is  much smaller  than any d ischarge  o r  va1.u~ of D l  used in t h e  
present  experiments,  Thus, it i s  reasoned t h a t  a s  t h e  ga te  o p e ~ i n g  
decreased, i n  t h e  6-inch-wide flume, f r i c t i o n a l  r e s i s t a n c e  i n  t h e  channel 
do!rnstrem increased out of p ropor t ion  t o  t h a t  which would have occurred 
i n  a l a r g e r  flume r;r a prototype s t r u c t u r e .  Thus, t h e  Junp formed i n  a 
shor ter  length  than  it should. I n  l abora to ry  l a n g u a ~ e ,  t h i s  i s  known as 
" sca le  e f f e c t , "  and is  construed t o  mean t h a t  prototype a c t i o n  is not 
f a i t '  ;'u.l.:/ reproduced. It is q u i t e  c e r t a i n  %hat t h i s  w a s  t h e  case  f o r  
t h e  n a j o r  po r t ion  of t h e  Bahkmeteff-Matzke curve. I n  f a c t i t h e y  were 
somewhat dubious corlcerning t h e  smal l  s c a l e  experiments. 

To confirm t h e  above conclusion,  it wes found t h a t  r e s u l t s  
froa F l u e  F, which was 1 foo t  wide, became e r r a t i c  when t h e  value of 
Dl approached 0.10. Figures 6 and 7 show t h r e e  po in t s  obta ined  with a 
v d x e  of D l  o f  approximately 0.085. The t h r e e  po in t s  a r e  given t h e  
symbol L81 and Tell snclJc of t h e  reco,m,ended curve. 

The two remaining curves ,  l a b e l l e d  3 and 4, on Figure 7, 
pDrtray t h e  sane t r end  a s  t h e  curve obtained from t h e  c u r r e n t  exper i -  
ments. The c r i t e r i o n  used ky each experimenter f o r  judging t h e  l eng th  
~f t h e  Jump is undoubtedly respons ib le  f o r  t h e  displacement. The curve 
l a b e l l e d  3 Has obtained a t  the Technical  Universi ty o f  B e r l i n  on a 
flume 112-meter v ide  by 10 ~rieters  long. The curve l a b e l l e d  4 was 
deternlined f r a a  ewer iments  performed a-he Federal  I n s t i t u t e  of 
Technology, Zurich, Switzerland, on a flume 0.6%' a meter wide and 7 
n e t e r s  long. The curve nurr~bers a r e  t h e  same as  the r e fe rence  numbers 
i n  t h e  bibl iography which refer t o  t h e  work. 

A s  can be observed from Figtire 7, t h e  t e s t  r e s u l t s  from 
Y1urr.e~ E, C, D, E, and F p l o t  s u f f i c i e n t l y  we l l  t o  e s t a b l i s h  s. s i n g l e  
curve,  The f i v e  po in t s  from Flume A,  denoted by squares,  appear some- 
what e r r a t i c  and p l o t  t o  the  r i g h t  of t h e  general  curve. Henceforth, 
re ference  t o  Fi,gure 7 w i l l  concern only t h e  recoomended curve which is 
considered appl icable  f o r  genera l  use. 

- 



With the  experimental  ir.EorniltSon avallabl.e,  it i s  only a 
mat te r  of conputation t o  determine the  energy absorbed i n  t h e  Jump. 
Colwns  14 through 18, Tc2bl.e I., l is t  t h e  computations, and t h e  symhols 
rnay bc defined by consu l t ing  t h e  s p e c i f i c  e n e r l z  diagram on Fisure  11 .  
C o l u , ,  14 l i s t s  t h e  t o t a l  energy, E l ,  e n t e r i n g  t h e  j u w  a t  Sect ion 1 
f o r  each t e s t .  This  i s  s i r n ~ l y  the  depth of flow, D l ,  p lus  t h 2  ve loc i ty  
hend conputed al, t h e  poin? of  measurement. The enesGy l e ~ v i n g  t h e  jump, 
vhich i s  t h e  depth of flow p lus  t h e  v e l o c i t y . h e ~ - d  a t  Sec t ion  2, is 
t abu la t ed  i n  Colum 15. The d i f f e rences  i n  t h e  values of  Columns 14 and 
15 c o n s t i t u t e  the  l o s s  of energy, i n  feet of water ,  a t t r i b u t e d  t o  t h e  
conversion, Column 16. Column 18 l i s t s  the  percentage of  energy l o s t  i n  
the jump EL, t o  t o t a l  energy en te r ing  jwnp,El. Th i s  percentage is p l o t t e d  
wi th  respec t  t o  the h o u d e  nunber and is shown a s  t h e  curve t o  t h e  l e f t  
on Figure 8. For a Froude number of  2.0, which would correspond t o  a 
r e l a t i v e l y  t h i c k  j e t  e n t e r i n c  t h e  jump at law v e l o c i t y ,  t h e  curve shovs 
the energy absorbed i n  t h e  jump t o  be about 7 percent  of  t h e  t o t a l  
energy enter ing .  Considering t h e  o the r  ex t rene ,  f o r  a Froude number 
o f  Lg, which would be produced by a r e l a t i v e l y  t h i n  j e t  en te r ing  t h e  
j m p  at very high v e l o c i t y ,  t h e  absorpt ion by t h e  jump would amount t o  
85 percent  of t he  energy en te r ing .  Thus t h e  hydraul ic  jump can pe r fo rn  
over a  wide range of condi t ions .  There a r e  poor jumps and good jumps, 
with t h e  most s a t i s f z c t o r y  occurr ing  over t h e  c e n t e r  po r t ion  o f  t h e  
curve. 

Another method o f  expressing t h e  energy absorpt ion  i n  a jump 
is  t o  express  the  l o s s  EL, i n  terms of D l .  The curve t o  t h e  r i g h t  on 
Figure 8, shows %he r a t i o  ( ~ o l u m n  17, Table 1) p l o t t e d  aga ins t  t h e  2q 
Froude limber.  As there a r e  those  who prefer t h i s  method of p l o t t i n g ,  
t h e  l a t t e r  curveJhac been included. 

For% o f  t h e  Hydraulic Junp - 
The hydranl ic  ,jump may occur i n  a t  leas t  f o u r  d i f f e r e n t  d i s -  

t i n c t  forns  0 n . a  h o r i z o n t a l  apron, as shown Gn F i ~ a r e  9. Inc iden ta l ly ,  
:ill of these  forns  a r e  encountered i n  design. The i n t c r c a l  charac ter -  
istics of %he .'urnp and t h e  e n e r a  absorpt ion i n  t h e  jump vary with each 
r'onn. Fortunately these forms, some of  which a r e  d e s i r a b l e  and some 
undesirable,  can bc ca ta loged conveniently with r e spec t  t o  t h e  Froudc 
r:u:nber . 

The form shawn i n  Figure 9A can be expected when the  Froude 
number rages f o r  1.7 t o  2.5, When t h e  Froude number is  un i ty ,  t h e  water  
would be flowing a t  c r i t i c a l  depth; thus  a Jump could  not form. Th i s  
would correspond t o  Po in t  0 on t h e  s p e c i f i c  energy diagrm. of Figure 4. 







s l i g h t  difference i n  t h e  conJugate depths Dl and D2. A s l i g h t  r u f f l e  
on t h c  water su r face  i s  t h e  only  apparent f ea tu re  t h a t  d i f f e r e n t i a t e s  
t h i s  from flow with unifor:n v e l o c i t y  d i s t r i b u t i o n .  As t h e  Froude 
number approaches 1.7, z s e r i e s  of small  r o l l e r s  develop on t h e  sur face  
a s  indica ted  i n  Figure gA, and t h i s  e c t i o n  remains much t h e  sane but, 
w i t h  f u r t h e r  i n t e n s i f i c a t i o n  up t o  a value of about 2.5. Actual ly  
t h e r e  is no p a r t i c u l a r  s t i l l i n g  basin problem lnvoli:ed; t h e  u r t e r  sur face  
is q u i t e  smooth, the v e l o c i t y  throughout i s  f a i r l y  uniform, and t h e  
energy Loss is  low, 

Figure 9E i nd ica t e s  t h e  type  of junp t h a t  may be encountered a t  
values of t h e  Froude number from 2.5 t o  4.5.  This  is an o s c i l l a t i n g  type 
of t iction, so  comon i n  cana l  s t r u c t u r e s ,  where t h e  e n t e r i n g  j e t  
o s c i l l a t e s  f r o n  bot ton~ t o  sur face  and back again with no r e p l a r  period. 
Turbulence occurs  near t h e  bottom one i n s t a n t  and e n t i r e l y  on t h e  su r face  
the next .  Each o s c i l l a t i o n  produces a  l a r g e  nave of i r r e p l a r  per iod  
whick, i n  t h e  case  of  canals ,  can t r a v e l  f o r  miles do in^ unl imi ted  
dm.age t o  c a r t h  banks and r ip rap .  The case  i s  of s u f f i c i e n t  importance 
that a separa te  sec t ion ,  Sec t ion  4 ,  has been devoted t o  t h e  p r a c t i c a l  
aspects  of design.  

A well s t a b i l i z e d  ;wnp can be expected f o r  t h e  r a g e  of Froude 
n.unbers between 4.5 and 9 (Figure ?c). I n  t h i s  ranze, t h e  d o ~ m s t r c m  
extremity of t he  sur face  r o l l e r ,  and t h e  po in t  at which t h e  high- 
velociGy jet t ends  t o  leave  the  f l o o r  p r a c t i c a l l y  occur i n  t h e  same 
v e r c i c a l  ple.ne. The jump is  we l l  bnlancsd and t h e  ac t ion  is  t h u s  at  i ts  
b e s t .  The e n e r a  absorpt ion  i n  t h e  jump f o r  F r ~ u d e  numbers from 4.5 
t o  9 r a g e s  f r o n  45 t o  70 percent  (Figure 8) .  

A s  t h e  Proude number increases  above 9,  t h e  form of t h e  jump 
gradually changes t o  t h a t  shovn i n  Figure gD. This  is t h e  case  where 
V l  i s  very high, D l  i s  comparatively small,  and t h e  d i f f e r e n c e  i n  
c o n . j u ~ s t e  depths  is l a rge .  The high-veloci ty ,jet no longer  c a r r i e s  
t h r augh  For t h e  f u l l  l ength  of t h e  jump. I n  o the r  words, t h e  downstream 
-?x:,rer.iiy of t h e  surface r o l l e r  now becornes t h e  determining f a c t o r  i n  
,I;crf;in: t h e  length  of  t h e  junp. Slugs of water r o l l i n g  down t n e  f ron t  
face of t he  jump i r . j ;e rn i t tcn t ly  f a l l  i n t o  t h e  high-vcloci ty .jet generatin!: 
ilddir; isnal waves downstream, s ~ l d  a rough surface can p r e v a i l .  F i g ~ r e  I! 
s h o u  "hai the energy d i s s i p a t i o n  f o r  t h i s  csse  may reach 85 percent .  

The  l i m i t s  o f  the Froude number ~ i v e n  above f o r  t h e  various 
f o r x :  of .,ump a r e  not d e f i n i s c  va lues ,  bu!. over lap  somewhat depending 
an l o c a l  f a c t o r s .  return in^ to F i p r e  7, it is found that the l e n g t h  
c> l rve  ca2alogs t h e  various phases of t h e  jwnp quite w e l l .  The f l a t  For -  
t i m  sf t h e  cuFve indicates th~: rn^ngc of bes t  opera t ion .  The s teep . 
portior; of t h e  curve t o  t h e  l e f t  d e f i n i t e l y  ind ica t e s  an i n t e r n a l  c h ~ ~ n g e  
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shov-n i n  Figure 9A and t h e  form, Ghich might b e t t e r  be c a l l e d  a t r a n -  
s i t i o n  s t age ,  :%own i n  Figure ?B. The r i g h t  end of t h e  curve on I - .  
, ,',,,.. , ---- i nd ica t e s  a change i n  form, but  t o  l e s s  ex ten t .  I 
Pra: t j c a l  Considerat ions 

A =  c-,+atod m r o v i n r ~ n l v .  i t  was t h e  i n t e n t i o n  t o  s t r e s s  t h e  
view-point i n  t h i s  s ec t ion ,  An 

exception has been made, a s  t h i s  i s  the  L o ~ i c a l  p lace  t o  po in t  out  a 
f e w  of t h e  p r a c t i c a l  aspec ts  of s t i l l i n g  b a s i n  design u s i n c  ho r i zon ta l  
aprons. Viewing t h e  fou r  forms o f  junp just discussed ,  t h e  following 
i c  pe r t inen t :  

1. A l l  f o r a s  a r e  encountered i n  s t i l l i n g  bas in  des isn .  

2. Thc form i n  Figure 9A requi res  no b a f f l e s  o r  s p e c i a l  con- 
s ide ra t ion .  The  only requirement necessary i s  t;o provide the 
proper length of  pool ,  wflich is  r e l a t i v e l y  shor t .  This  can be 
obtained f r o n  Figure 7. 

3. The form i n  Figure 9B i s  one of t h e  most d i f f i c u l t  t o  
h ~ n d l p  and is f r p n u e n t l v  encountered i n  t h e  desipn of cana l  s t r u c t u r e s ,  

iethods f o r  coping wi th  them a r e  discussed i n  Sec t ion  4. 
Al though  a l l  four  forms of Jump have occurred i n  design i n  t h e  pest, 

5. A s  t he  Froude number increases ,  t h e  j m p  becomes more 
c a n r i + i . r n  t n  t.si  1 ~ n t - m r  r3p.nf.h. Fnr nrlnbprs  as low as 8. a tail 

I cussed i n  more de - t a i l  i n  t h e  fol lowing sec t ions .  I 

bas in  may no longer be the  most economical. o r  s a t i s f a c t o r y  d i s s ipa -  I - t i o n  device. The d i f f e rence  i n  conJugate depths i s  g r e a t ,  and, 
gene ra l ly  speaking, a very d e e p  bas in  and high t r a i n i n g  wa l l s  a r e  
r ~ n u i r e d .  As t h e  hydraulic .lump does not  perform at i t s  b e s t  i n  







STILLING BASIN FOR EARTII DAM SPILLWAYS AND LARGE CANAL STRUCTUR3S 
(BASIN 11) 

l n t roduc t  ion 

S t i l l i n g  bas ins  a r e  seldom designed t o  corAfinc t h e  e n t i r e  
hydreul ic  jump, as was assumed i n  the  foregoing sec t ion ;  f i rs t ,  f o r  
economic reasons and secondly, because t h e r e  a r e  mean6 of obta in ing  
comparable o r  b e t t e r  performance i n  s h o r t e r  lengths .  It i s  poss ib l e  
t o  shor ten  t h e  l eng th  of jump by t h e  ins t ;a l la t ion  of accesso r i e s  such 
a s  blocks,  b a f f l e s ,  and s i l l s  i n  the still in^ basin.  I n  add i t ion  t o  
shor ten ing  t h e  jump, t h e  accessor ies  e x e r t  a s t a b i l i z i n g  e f f e c t  and i n  
some cases  increase  t h e  f a c t o r  of s a fe ty .  This  s e c t i o n  and those 
fol lowing w i l l  d e a l  wi th  t h e  more p r a c t i c a l  aspec ts  of s t i l l i n g  b a s i n  
design.  

The present  s e c t i o n  w i l l  concern a s t i l l i n g  bas in  which has 
been i n  common use on e a r t h  dam spi l lways and l a rge  cana l  struc';urcs, 
a ~ d  w i l l  be denoted a s  Basin I1 (Figure 10). The bas in  conta ins  chute  
blocks a t  t h e  upstream end and a denta ted  s i l l  near  t he  downstream end. 
The p r i n c i p a l  aim was t o  genera l ize  the  design and determine the  range 
o f  ope ra t ing  condi t ions  for  which t h i s  bas in  i s  b e s t  s u i t e d .  The f i r s t  
obJec t ive  was not  d i f f i c u l t  as t h e  Eureau has designed and cons t ruc ted  
iaany of  these  bas ins ,  sone of  which were checked with models. The 
p r i n c i p a l  t a s k  cons i s t ed  of consu l t ing  l abore to ry  records  and t a b u l a t i n g  
t h e  r e s u l t s .  To accomplish t h e  second ob jec t ive  requi red  a d d i t i o n a l  
l abora to ry  experiments,  

Beginning with t h e  first phase, t h e  c a p a c i t i e s  and dimensions 
of 36 s t i l l i n g  bos ins  f o r  e a r t h  dams, small overflow d m s  and . la rge  
canal  s t r u c t u r e s ,  which have been t e s t e d  by models, are l i s t e d  i n  
Table 2. The model s t u d i e s  were made i n  s e v e r r l  l a b o r a t o r i e s  by many 
indiv iduals  over a 23-year period.  Each indiv idual  was nore o r  l e s s  
f r ee  t o  experiolont wi th  models of these  s t r u c t u r e s  as he saw fit. The 
f i n a l  designs, t abula ted  i n  Table 2, represent an agreexent b e t w e a ~  
des lgncr  2nd cxperimcnter f o r  each case. Thns, the t a b u l a t i o n  shculd be 
i d o n l  f o r  s e l e c t i n g  a general ized design f o r  Basin 11. 

Resul t s  of  Coapi la t ion  

With t h e  a i d  of Figure 10, rnost o f  t h e  synbois used i n  Table 2 
are s e l f - e x ~ l a n a t o r y .  Column 1 l is ts  %he reference  n a t e r i a l  used i n  
conp i l inz  t h e  t ab le .  C o l u ~ n  2 l is ts  the  ~oxinum r e s e r v o i r  e l eva t ion ,  
Lolurnn 3 the  maximum t a i l  water e leva t ion ,  Column 5 t h e  c l e v a t i a n  3f t h e  







Column indi.cates the  hei6ht of t h e  s t ructure  studied; showing .a &cim& 

~ f a l l  ,from. hedwater  t o  t b i l  water of 179 feet, a minimum of 1 4  f ee t ,  end 
a n  average of 85 fee t .  Column 7 sho~as t h a t  the  width o'f the  s t i l l i n g  
basins varied from 1,197.5.to 20 fee t .  The discharge per?foot  of basin 

I width, Column 8, varied from 760 t o  52 cfs,  with 265 as  an average. 
The computed velocity,  V1, entering the  s t i l l i ng lbas in  (column 9 )  
varied from 85 t o  27 f ee t  per second, and t h e  depth of flow, D l ,  entering 1 . t he  basin (column lo) ' .var ied from 13.33 f ee t  t o  0.61 of a foot.  The 
value of theVFroude number (column 11) varied from 19.14 t o  2.75. 
Column 12 shows the  actual  depth of t a i l  water above the  s t i l l i n g  basin , f loor ,  which varied from 60 t o  12 feet ,  while Column 14 lists the  com- 
puted, o r  conjugate, t a i l  water depth fo r  each s t i l l i n g  basin. The 
conjugate depths, Dg, were obtained from Figure 5 .  The r a t i o  of t h e  

I actual  t a i l  water depth t o  the  conjugate depth is  Listed f o r  each basin 
i n  Column 15. This shows a maximum of 1.94, a minimum of 0.75, and an 
average of 1.13. 

Chute Blocks 

The chute blocks, or  spreading device, used a t  t h e  entrance t o  
the s t i l l i n g  basin varied. Some contained nothing a t  t h i s  point ,  o thers  
a so l id  step,  but i n  the  majority of cases a serra ted device was 
u t i l i z ed ,  known as  chute blocks. The chute blocks a t  the  upstream end 
of the  basin tend t o  corrugate the  j e t ,  l i f t i n g  a portion of it from 
the f loor ,  resu l t ing  i n  a shor ter  length of j ~ ~ t h a n  would be possible 
without them. These blocks a lso tend t o  improve t h e  action i n  t he  
jump. The proportioning of chute blocks has always been subject  t o  
question, but the  tabulation i n  Columns 19 through 24 of Table 2 should 
serve t o  set. these figures qui te  def in i te ly .  Column 20 shows the  height 
of t he  chute blocks, while Column 21 gives t h e . r a t i o  of height of block 
t o  the  depth D l .  *The r a t i o s  of height of block t o  Dl indicate a maximum 
of 2.55, a minimum of 0.6, and an average of 1.15. 

The width of t h e  blocks-.is shown i n  Column 22. tColumn 23 
gives the  r a t i o  of width of t he  block t o  height, with a maximum of 1.67, 
a ninimum of 0.44, and an average of 0.97. The.ra t io  of width of block 
t o  spacing, tabulated i n  Column 24, shows a maximum of 1.91, a minimum 
of 0.95, and an average of 1.15. The three  r a t i o s  ' indicate t h a t  the  
proportion: he.ight equals width, equals spacing; equals D l  should be 
a sat isfactory standard fo r  chute block design. The wide var ia t ion  shows 
tha t  these di~nensions a r e  not c r i t i c a l .  

Dentated S i l l  

The s i l l  i n  or a t  the  end of t he  basin w a s  e i t h e r  solid o r  
sone form of dentated arrangement, as designated i n  Column 25. The 



I I n  t h e  sp i l lways  t e s t ed ,  Columns 26 ttirough 31, The posi';ion..of t h e  
X 

dentn ted  s i l l  a l s o  var ied  and t h i s  i s  indica ted  by the  r r ~ t i o  T;II i n  
Colurm 26. The dis tance,  X ,  is  measured t o  the  downstremi e d p  of' 

X 
t h e  s i l l ,  as i l l u s t r a t t ?d  i n  Figure 10. The r a t i o  I; v a r i e d  from 1 t o  I1 0.65, wi th  an average of 0.97. 

1 The heights  of t h e  d ~ n t a t e s  a r e  given i n  Column 27. The 
r a t i o  of  height  of b h c k  t o  th -  cot1.j t a i l  water depth i s  s h w n  i n  

I Columr~ 28. These r a ~ i o s  show a maxinun of 0.33, a minimu?l o f  0.06, 
2nd a n  average of 0.20. The width t o  h c i g h t  ratio, Colur~n 30, shows 
a maximum of 1.25, a mini.rnum of 0.33, and an averago ~f 0.75. The 
r a t i o  of  width of  block t o  spacing,  Colutnn 31, shows " a  rmxirnun! o f  1.91, 
a mi.nirr,um of 1.0, and an average of 1.13- For t h e  sake of gcnera l iza-  
t i on ,  t h e  fol lowing proport ions a r e  reco:rmended: (1) height  of denta tcd  
s i l l  = 0.2D2, (2)  width of blocks = 0.1.5D2, and. ( 3 )  spac ing  of  blocks = 
0.15D2, vhere D2 i s  t h e  con.jugate t z i l  water  depth. It is recommended 
t h a t  t h e  denta ted  s i l l  be placed at  the  downstream end o f  the apron. 

Colum 3? through 38 shot: t h e  proport ions of a d d i t i o n a l  
b a f f l e  bloc!<s used on th ree  of t h c  s t i l l i n g  bas ins .  These a r e  no t  
necessary and a r e  not recommended f ~ r  t h i s  type  of bcs in .  

Addit ional  D e t a i l s  - 
Column 18 ind ica t e s  t h e  angle,  with t h e  ho r i zon ta l ,  a t  which 

the  high-veloci ty j e t  e n t e r s  t h e  s t i l l i n g  bas in  fo r  each of  t h e  spi l lways.  
The rnaxi~um angle w a s  34' and t h e  minimum 14". The e f f e c t  of  t h e  v e r t i c a l  
angle of  t h e  chute  on t h e  ac t ion  of t h e  hydraul ic  junp could  not  be 
evnluclted from t h e  information ava i l ab le .  This  f a c t o r  w i l l  be considered, 
t~ovever,  i n  Sec t ion  5 i n  connection with s loping  apron design.  

Column 35 designates  t h e  c ross  sec t ion  of t h e  bas in .  I n  a l l  
but three cases  t h e  bas ins  were rec tangular .  The t h r e e  c r o s s  s e c t i o n s  
t h a t  were t r apezo ida l  had s i d e  s lopes  varying from 1/4:1 t o  1/21. The 
genera l ized  designs presented i n  t h i s  r epor t  a r e  f o r  s t i l l i n g  bas ins  
w i t h  r e c t a ~ i g i l a r  cross sec t ions .  Where t r apezo ida l  bas ins  a r e  used, a 
model s tudy is s t rong ly  recommended. 

Designers have been concerned over t he  ty-,.e o f  wing w a l l  which 
should be used a t  t h e  ecd of s t i l l i n g  bas ins .  Column 40, Table 2, 
i n d i c a t e s  t h a t  i n  the  majori ty o f  bas ins  constructed f o r  e a r t h  dam 
spi l lways  t h e  wing w a l l s  were normal t o  t h e  t r a i n i n g  walls. Five bas ins  
were cons t ruc ted  w",thout wing walls us ing  a rock b lanket  f o r  Fro tec t ion .  
The remainder u t i l i z e d  a n g l i n s  wing walls o r  warped t r a n s i t i o n s  down- 
stream from the  basin.  The la t ter  a r e  conunon on canal  s t r u c t u r e s .  The 



t h e  necessary pro tec t ion .  The type  of ;ing wali is  usua l ly  d i c t a t e d  by 
l o c a l  condi t ions  such as, width of  t h e  channel downstream, depth t o  
foundation rock, degree o f  p r - t e c t i o n  needed, e t c . ,  t h u s  wing w a l l s  a r e  
not  amenable t o  genera l iza t ion .  

I V e r i f i c a t i o n  Tes t s  

It was e a r l y  learned  that  t h e  information on Table 2 did  not 
cover t h e  e n t i r e  range of ope ra t ing  condit ions des i r ed .  There was 
i n s u f f i c i e n t  information t o  determine t h e  length  of bas in  f o r  t h e  l a r g e r  
values o f  t he  Froude number; t h e r e  was l i t t l e  o r  no information on t h e  
t a i l  water depth a t  which sweepout occurs,  and t h e  fnformation ava i l ab le  
was of  l i t t l e  value f o r  gene ra l i z ing  water sur face  p r o f i l e s .  It was, 
t h e r e f o r e ,  necessary t o  perform a set of  experiments t o  extend the range 
and t o  supply t h e  missing data .  The experiments were made on 17 Type I1 
bas ins ,  proportioned according t o  t h e  above r u l e s ,  and i n s t a l l e d  i n  
Flumes B, C ,  D, and E ( s e e  Columns 1 and 2, Table 3 ) .  Each bas in  was 
judged a t  t h e  discharge f o r  which it was designed; t h e  l eng th  w a s  
ad jus ted  t o  t h e  minimum t h a t  would produce s a t i s f a c t o r y  opera t lon ,  and 
t h e  absolu te  minimum t a i l  water  depth f o r  acceptable  opera t ion  was 
measured. The bas in  ope ra t ion  was a l s o  observed f o r  flows less than t h e  
designed discharge and found t o  b e  s a t i s f a c t o r y  i n  each case. 

Table 3 is q u i t e  similar t o  Table 2 wi th  t h e  exception t h a t  
the  l eng th  of bas in  LII (column 11)  was determined by e a e r i m e n t ,  and 
t h e  t a i l  water depth a t  which tihe jump j u s t  began t o  sweepout of  t he  
b a s i n  we-. recorded ( ~ o l u r m ~  13). 

T a i l  !Jater Depth 

The s o l i d  l i n e  on Figure 11 was obta ined  from t h e  hydraul ic  
jump f o r m u l ~  = 1/2 ( v198F2-1) and represents  conjugate t a i l  water 
depth. It i s  t h e  same as t h e  l i n e  shown on Figure  5.  The dash l i n e s  on 
Figure 11 a r e  merely guides drawn f o r  t a i l  water  depths o t h e r  than  con- 
jugate depth. The p o i n t s  shown as do t s  were obta ined  from Column 13 of 
Table 2, and c o n s t i t u t e  t h e  r a t i o  of a c t u a l  t a i l  water  depth t o  Dl f o r  
each bas in  l i s t e d .  It can be observed t h a t  t h e  ma jo r i ty  of the bas ins  
were designed f o r  f u l l  conjugate ta i l  water depth o r  g rea t e r .  

A previous des ign  c h a r t  i n  Bureau use sugges ts  t h a t ,  where 
b a f f l e s  and s i l ls  a r e  u t i l i z e d ,  t h e  s t i l l i n g  b a s i n  f l o o r  be pos i t ioned  
t o  use a tail water depth of  0.85 of t h e  conjugate depth. This  p r a c t i c e  
is d e f i n i t e l y  discouraged a s  it w i l l  l ead  t o  ques t ionab le  designs. To 
confirm t h e  erroneous n a t u r e  o f  t h i s  statement,  a d o t t e d  l i n e  showing 
minimum tail water depth f o r  Basins I and 11, obta ined  from Column 14 of  
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Table 3, i s  shown on Figure 11. The l i n e  i n d i c a t e s  .the p o i n t  a t  which 
t h e  f r o n t  of t h e  jump moves away from t h e  chute blocks.  I n  o t h e r  words, 
any a d d i t i o n a l  lowering of  t h e  tail water  would cause t h e  jump t o  leave 
t h e  basin.  Consulting Figure 11 it can be observed t h a t  t h e  margin of  
s a f e t y  f o r  a Froude number of 2 is  2 percent ;  while  f o r  a number of 6 
it increases  t o  6 percent ,  f o r  a number o f  10 it diminishes t o  4 percent ,  
and f o r  a nunber of 15 it is  2.5 percent .  To be certa5.n t h a t  t h i s  is  
understood, it w i l l  be s t a t e d  another  way. The jurnp w i l l  no longer  
opera te  proper ly  when t h e  t a i l  water depth approaches 0.98D2 fo r  a Froude 
nunber of 2 o r  O . ~ ) + D ~  f o r  a number of 6 o r  0 . 9 6 ~ ~  f o r  a number o f  10, o r  
0.975D2 f o r  a number of 16. I n  o the r  words, t h e  margin of  s a f e t y  is  
l a r g e s t  i n  t h e  middle range where t h e  more d e s i r a b l e  juqps a r e  obtainable.  
A minimu? s a f e t y  f a c t o r  of 5 percent  of  D2 is recommended f o r  t h e  average 
Type I1 basin. For t h e  two extremes of t h e  curve it i s  advisable  t o  
provide a t a i l  water e r e a t e r  than  conjugate depth t o  be safe. Inciden- 
t a l l y ,  t he  l i n e  showing t h e  minimun t a i l  water depth for  Basin I1 
( ~ i g u r e  11) a l s o  a p p l i e s  f o r  Basin I descr ibed  ia Sect ion  1. Thi s  
e - ~ i d e n c e  should be s u f f i c i e n t  t o  j u s t i f y  t h e  retirement of t h e  previous 
design cha r t .  

There are s e v e r a l  o the r  thoughts with regard  t o  t a i l  water 
cons idera t ions  which a r e  mentioned a s  a reminder. F i r s t ,  t a i l  water 
curves  a r e  usua l ly  ex t rapola ted  fcr t h e  discharges encountered i n  
design,  so  they  can be i n  e r r o r .  Secondly, t h e  a c t u a l  t a i l  water depth 
usua l ly  lags  i n  a temporal sense t h a t  of t h e  t a i l  water  curve fo r  r i s i n g  
flow and leads  t h e  curve for a f a l l i n g  discharge.  Thi rd ly ,  a t a i l  water 
curve may be such t h a t  the  most adverse condi t ion  occurs  a t  l e s s  than  
t h e  maximum designed discharge;  and fou r th ly ,  temporary o r  permanent 
r e t rog res s ion  t o  t h e  r i v e r  bed downstream may be a f a c t o r  needing con- 
s ide ra t ion .  These f ac to r s ,  some of  which a r e  d i f f i c u l t  t o  eva lua te ,  ere 
a l l  important i n  s t i l l i n g  bas in  design, and suggest  t h a t  an adequate 
f a c t o r  of s a f e t y  i s  e s s e n t i a l .  I t  i s  advisable  t o  cons t ruc t  a Jump 
height  curve, superimposed on t h e  t a i l  water curve, f o r  each bas in  t o  
determine t h e  most adverse ope ra t ing  condit ion.  This  procedure w i l l  be 
illustrated l a t e r .  

The experiments repea tedly  demonstrated t h a t  t h e r e  i s  no simple 
remedy f o r  a def ic iency  i n  t a i l  water depth. Inc reas ing  t h e  l eng th  of  
bas in ,  which is t h e  remedy o f t e n  at tempted i n  t h e  f i e l d ,  w i l l  not com- 
pensate  f o r  def ic iency  i n  t a i l  water  depth. For these  reasons,  c a r e  
should be taken t o  consider  a l l  f a c t o r s  t h a t  may a f f e c t  t h e  t a i l  water 
ar. a fu tu re  da te .  A s t i l l i n g  bas in  t h a t  does not per for~n proper ly  cannot 
be j u s t i f i e d  i n  t h e  l i g h t  of  money saved by skimping, r ega rd le s s  of t h e  

3 j: 
2 



The length  of t h e  Type I1 bas in  i s  shown as t h e  intermediate  
curve on Figure 12. The po in t s  shown as do t s  a r e  f o r  t h e  e x i s t i n g  bas ins  
l i s t e d  i n  Table 2. The r a t i o  of  l e n g t h  of bas in  t o  conjugate depth i s  
p l o t t e d  wi th  respec t  t o  t h e  Froude number ( ~ o l u m n s  17 and 11, Table 2 ) .  
The conjugate depth has been used r a t h e r  t han  t h e  a c t u a l  t a i l  water 
depth, a s  t h e  former i s  a d e f i n i t e  value which can be computed i n  each 
case,  The po in t s ,  ind ica ted  by do t s ,  s c a t t e r  considerably,  and prac- 
t i c a l l y  50 percent  of t h e s e  a r e  f o r  values of  t h e  Froude number l e s s  
than 5. These s t i l l i n g  basins were a l l  t e s t e d  by means of  models, and 
t h e  length  i n  most cases w a s  reduced t o  a minimum. Th i s  is  one of  t h e  
advantages of a model study. 

The po in t s  denotsd as squares on t h e  same curve represent  t h e  
r e s u l t s  of  v e r i f i c a t i o n  t e s t s  made t o  extend t h e  range. The p o i n t s  were 
obtained fllom Columns 1 2  and 10  of Table 3. The curve has been a r b i -  
t r a r i l y  terminated at a Froude number of 4 as t h e r e  i s  no assurance 
t h a t  t h e  jump w i l l  be s t a b l e .  A l i m i t  of 4.5 was given i n  Sec t ion  1 
f o r  Basin I without appurtenances; however, t h e  chu te  blocks i n  Basin I1 
had a tendency t o  extend t h e  lower l i m i t  s l i g h t l y .  For s t i l l i n g  bas in  
design involving values of  t h e  Froude number under 4.5, re ference  i s  
made t o  Sec t ion  5. There is always a p o s s i b i l i t y  of reducing t h e  length  
of bas in ,  over t h a t  shown on Figure 13, by a model study. 

Water Surface P r o f i l e s  

Water sur face  p r o f i l e s  were determined from t h e  t e s t s  f o r  t h e  
purpose of computing u p l i f t  p re s su res  under t h e  bas in  apron. As t h e  
water su r face  i n  t h e  s t i l l i n g  b a s i n  t e s t s  f l u c t u a t e d  rap id ly ,  and a s  
a i r  bulking i n  a prototype s t r u c t u r e  w i l l  expond t h e  volume of i t s  
contents ,  over t h a t  i nd ica t ed  by i t s  model, it w a s  f e l t  t h a t  t h e r e  was 
no po in t  i n  maintaining a high degree of accuracy i n  measurement. 
Therefore, approximate p r o f i l e s  a r e  presented which can a l s o  be considered 
pressure  p r o f i l e s .  

The method of  procedure i s  i l l u s t r a t e d  on Figure  13. A hor i -  
zon ta l  l i n e  is  drawn a t  conjugate depth. A v e r t i c a l  l i n e  i s  a l s o  drawn 
from t h e  upsxream face  of t h e  denta ted  s i l l .  Beginning a t  t h e  poin t  o f  
i n t e r s e c t i o n ,  ii s lop ing  l i n e  is cons t ruc ted  as shown. The ang le=  , 
t h a t  t h i s  s loping  l i n e  makes with t h e  hor izonta l ,  i s  r e l a t e d  t o  t h e  
Froude number. 

The angle < (column 24, Table 3) observed i n  each of t h e  
v e r i f i c a t i o n  t e s t s  has been p l o t t e d  with respec t  t o  t h e  Froude number on 
Figure 13. The s lope  increases  with t h e  Froude number. The above 
procedure gives t h e  approxinlate water s u r f m e  and pressure  p r o f i l e  f o r  







D2, t ho  p r o f i l e  w i l l  resemble t h e  uppermost l i n e  on Figure 13; t h e  angle  
remains unchanged. This  information app l i e s  only f o r  t h e  Type I1 bas in ,  
cons t ruc ted  as recommended in t h i s  s ec t ion .  

Conclusions 

The following r u l e s  a r e  recornended f o r  gene ra l i za t ion  of 
Easin 11, Figure 14: 

1. S e t  bas in  apron t o  u t i l i z e  f u l l  conjugate t a i l  water depth, 
p lus  added f e c t o r  of s a f e t y  i f  needed. An add i t iona l  f n c t o r  of  
s a f e t y  i s  advisable f o r  both low and high values of  t h e  Froudc 
nurnber ( s e e  Figure 11). A minimum margin of s a f e t y  of  5 pcrcent  of 
D2 is  recormnended. 

2. Basin I1 may be e f f e c t i v e  down t o  a Froude nunber of  4 hut 
t h i s  should not be taken f o r  granted ( see  Sec t ion  4 f o r  values l e s s  
than  4 .5 ) .  

3. The l e n s h  of bas in  can be obtained from t h e  intermediate  
curve on Fi-re 12. 

4. The height  of chute blocks i s  equal  t o  t h e  depth of flow 
e n t e r i n g  t h e  basin,  o r  Dl, Figure 1 4 .  The width rind spacinq should 
be equal t o  approxinately Dl; however, t h i s  may b var ied  t o  e l imina te  
the  need of f r a c t i o n a l  blocks. A space equal  t o  i s  p re fe rab le  
a lone  each w a l l  t o  reduce spray and maintain d e s i r a b l e  pressures .  

5. The height  of t he  dentated s i l l  i s  equal  t o  0.2D2, while  
t h e  rzaxirnum width and s p a c i n ~  recommended is approximately 0.15D2. 
I n  t h i s  case  a block i s  recomrended adjacent  t o  each s i d e  wall ,  
F igure  14. The s lope  of t h e  continuous po r t ion  of  t h e  end s i l l  i s  
2 : l .  I n  t h e  case of narrow bas ins ,  which would involve only  a few 
den ta t e s  according t o  t h e  above r u l e ,  it is advisable  t o  reduce t h e  
width and t h e  spacing so  long a s  t h i s  is done propor t ionate ly .  
Reducing t h e  width and specing a c t u a l l y  i:oproves t h e  performance i n  
narrow basins,  thus ,  t h e  m i n i m u m  width and spacing of  t h e  den ta t e s  
i s  governed only by s t r u c t u r a l  cons idera t ions .  

6 .  It is  not necessary t o  s tagger  t h e  chute blocks and t h e  
s i l l  den ta t e s .  I n  f a c t  t h i s  p r a c t i c e  is  usua l ly  inadvisable  from n 
cons t ruc t ion  s tandpoin t .  

7 .  The v e r i f i c a t i o n  tests on Basin I1 ind ica ted  no pe rcep t ib l e  
chaxge i n  t h e  s t i l l i n g  bas in  a c t i o n  with respec t  t o  t h e  s lope  of t h e  
chute preceding t h e  basin.  The s lope  of chute var ied  from 0.6:l t o  





chute does have an7 e f f e c t  on t h e  hydraul ic  j m p  i n  some cases ,  This  
sub jec t  w i l l  be  discussed i n  nore d e t a i l  i n  Sec t ion  5 with regard t o  
s loping  aprons. It i s  recommended t h a t  t h e  sharp  i n t e r s e c t i o n  
between chute and bas in  apron, Figure 14, be rep laced  with a curve 
of reasonable r ad ius  when the  s lopc of  t h e  chute i s  1:l o r  g rea t e r .  
Chute blocks can be incorporated on t d e  curved f a c e  as r e a d i l y  as on 
t h e  plane surfaces.  

I 
Following t h e  above r u l e s  v i l l  r e s u l t  i n  a s a f e ,  conservat ive 

s t i l l i n g  bas in  f o r  spi l lways with f a l l  up t o  200 f e e t  and f o r  flows up 
t o  500 c f s  pe r  foot  of bas in  width, providing t h e  j e t  e n t e r i n g  t h e  bas in  
is reasonably uni forn  both as t o  ve loc i ty  and depth. For g r e a t e r  f a l l s ,  
l a r c e r  u i t  discharges,  o r  poss ib l e  unspmet ry ,  a %ode1 study of  t h e  ~ spec i f  i c  des isn  i s  r e c ~ ~ n c n d e d .  

I 
A i d s  i n  Computation 

Previous t o  p r s sen t ing  an example i l l u s t r a t i n ~  t h e  method of 
p r o p o r ~ i o n i n f ;  Basin 11, a c h a r t  v i l l  be presented  which should be of  
s p e c i a l  val.ue f o r  prel iminary computations. The c h a r t  makes it poss ib l e  
t o  determine V 1  and Dl w i t h  n fair  degree of sccuracy, f o r  chutes  having 
s lopes  of 0.6:1 o r  s teeper ,  where computation a d i f f i c u l t  and arduous 
procedure. 'Yhe c h a r t  presented a s  Figure 15  r ep resen t s  a conposi te  of 
experience, computation, and a l imi t ed  amount of  experimental information 
obtained from prototype t e s t s  on Shasta and Grand Coulee Dams. There is 
much t o  be des i r ed  i n  t h e  way of  experimentzl confirmation;  however, it 
i s  f c l t  t h a t  t h i s  cha r t  i s  s u f f i c i e n t l y  accura te  f o r  prel iminary design.  
A concerted e f f o r t  w i l l  be made t o  ob ta in  a d d i t i o n a l  experimental 
information whenever poss ib l e .  

The o rd ina te  on Figure 15 i s  f a l l  from r e s e r v o i r  l e v e l  t o  
s t i l l i n g  bas in  f l o o r ,  while  t h e  absc issa  i s  t h e  r a t i o  of a c t u a l  t o  theo-  
r e t i c a l  ve loc i tv  a t  entrance t o  t h e  s t i l l i n g  bas in .  The t h e o r e t i c a l  
v e l o c i t y  VT = 3- ( s e e  Figure 15) .  The a c t u a l  ve loc i ty  is  t h e  
term desired.  The curves represent  d i f f e r e n t  heads, H, on t h e  c r e s t  of 
t h e  spillway. A s  i s  reasonable, t h e  l a r g e r  t h e  head on t h e  c r e s t ,  t h e  
more nearly t h e  a c t u a l  v e l o c i t y  a t  t h e  base of t h e  sp i l lway w i l l  approach 
the t h e o r e t i c a l .  For example, with H = 40 f e e t  and Z = 230 f e e t ,  t h e  
a c t u a l  ve loc i ty  at t h e  base of t h e  darn would be 0.95 of  t h e  computed 
t h e o r e t i c a l  ve loc i ty ;  while w i t h  a head of  10  feet on t h e  c r e s t ,  t h e  
a c t u a l  ve loc i ty  would be 0.75 VT. The va lue  of Dl is computed by 
d iv id ing  the  u n i t  discharge by the  a c t u a l  ve loc i ty  obtained from Figure 15. 

The c h a r t  is  not appl icable  f o r  chutes  f l a t t e r  than  0.6: 1 a s  
f r i c t i o n a l  r e s i s t a n c e  assumes added importance i n  t h i s  range. Therefore, 
it will be necessery t o  compute t h e  draw-down curve as usual. s t a r t i n g  
a t  t h e  ga te  s e c t i o n  where c r i t i c a l  depth i s  known. 





the sheet  of water during the f a l l ,  need not be considered i n  the-hydraulic 
jump computations. Insuf f l a t ion  need be considered p r i n c i p a l l y  i n  t h e  
design of  chute and s t i l l i n g  bas in  w a l l s .  It is not poss ib le  t o  con- 
s t r u c t  w a l l s  s u f f i c i e n t l y  high t o  conffne a l l  spray and splash;  thus,  
t h e  best  t h a t  c,sn be hcped f o r  is  a height t h a t  i s  reasonable and 
coclrnensurate w i t h  t h e  material  and t e r r a i n  t o  be protected. 

Applicetion of Results  (9xsmple 2) 

The c r e s t  of an o v e r f a l l  dam, having a downstream slope of 
0.7:1, i s  200 f e e t  above the  hor izon ta l  f loor  of the  s t i l l i n g  basin. The 
head on t h e  c r e s t  i s  30 f e e t  and t h e  maximum discharge is  480 c f s  per  
foot of s t j l l i n g  basin width. Proport ion a Type I1 s t i l l i n g  basin f o r  
these condit ions.  

Entering Figure 15 with a head of 30 f e e t  over t h e  c r e s t  and 
a t o t a l  fall of 230 f e e t ,  

The t h e o r e t i c a l  ve loci ty  VT = = 117.6 f t / sec .  

The a c t u a l  ve loc i ty  VA = V1 = 117.6 x 0.92 = 108.2 f t / s e c .  

The Froude number 

Entering Figure 11 with a Froude numb'er of  9.04, t h e  s o l i d  l i n e  gives, 

TW - -  Dl - 12.3 

A s  TJ end 92 are  synonomods i n  t h i s  case, t h e  conjugate t a i l  water 
depth, 

The minimum t a i l  w a e r  l i n e  f o r  t h e  Type I1 basin  on Figure 11 
shows t h a t  a f a c t o r  of sa fe ty  of about 4 percent can be expected f o r  the  
above Froude ntunber . 



- - - - . . - - 
t h e  fol lolr ing procedure moy be  followed: Consult ing t h e  l i n e  Por 
minimum T'tJ depth f o r  t h e  Tyye I1 basin,  F i p r e  11, 

Trd - Dl = 11.85 f o r  a Froude number of 9.04 

The t a i l  water depth a t  which sweepout i s  i nc ip i en t :  

wso = 11.85 x 4.44 = 52.6 f e e t  

Adding 7 percent  t o  t h i s  f igure ,  t h e  s t i l l i n g  bas in  apron 
should be  posi t ioned for a t a i l  water depth o f  

52.6+3.7 = 56.3 f e e t  o r  1.03D2 

The length  o f  b a s i n  can be obtained by e n t e r i n g  t h e  
intermediate  curve on Figure  12 with t h e  Froude nuqber of 9.04. 

LII = 4.28 x 54.6 = 234 f e e t  ( s e e  Figure 14) 

The he ight ,  width, and spaciag of t h e  chu te  blocks a s  
recommended i s  Dl, t h u s  t h e  dimension can be 4 f e e t  6 inches.  

The height  of  t h e  denteted s i l l  is 0.2D2 o r  11 f e e t ,  while t h e  
width and spacing of t h e  den ta t e s  can be 0.15D2 or 8 f e e t  3 inches. 



SHORT STILLING BASIN FOR CANAL STRUCTURES, 
SMALL OUTLET WORKS, AND SMALL SPILLWAYS 

(BASIN 11:) . 
In t roduc t ion  

Basin I1 of t en  i s  considered t o o  conservat ive and consequently 
over-cost ly f o r  s t r u c t u r e s  c a r r y i n g  small discharges a t  moderate velo-  
c i t i e s .  This  can be e s p e c i a l l y  t r u e  i n  t h e  case of  c a n a l  chutes ,  drops, 
wasteways, and o the r  s t r u c t u r e s  which a r e  cons t ruc ted  by t h e  dozen on 
c a n a l  systems. Any saving t h a t  can be e f f e c t e d  i n  decreas ing  t h e  s i z e  
of t h e s e  s t r u c t u r e s  can amount t o  a s i z a b l e  sum when mul t ip l i ed  by t h e  
number of s t r u c t u r e s  involved. There is, o f  course, another  considera-  
t i o n  which should be kep t  i n  mind. If t h e  dimensions of a p a r t i c u l a r  
s t r u c t u r e  a r c  reduced t o  t h e  po in t  where it no longer  opera tes  satis- 
f a c t o r i l y ,  t h i s  mistake w i l i  be repeated many times over .  A genera l ized  
des ign  w i l l  be developed here f o r  smal le r  s t r u c t u r e s  where a more 
economical s t i l l i n g  b a s i n  is , jus t i f ied .  

Developnient 

The ffiost e f f e c t i v e  way t o  shor ten  a s t i l l i n g  bas in  i s  t o  
modify t h e  jump by the  a d d i t i o n  of appurtenances i n  t h e  basin.  One 
r e s t r i c t i o n  w a s  imposed on t h e s e  appurtenances, however; t hey  must be 
s e l f  c leaning  o r  nonclo~ging .  This  r e s t r i c t i o n  t h u s  l imi t ed  t h e  
appurtenances t o  blocks o r  s i l ls  which could be incorpora ted  on t h e  
s t i l l i n g  bas in  apron. 

The Department of Agr icul ture  8/ 161 developed a very s h o r t  
s t i l l i n g  bas in  designated "The SAF  asi in? for use on drainage s t r u c t u r e s  . 
such as t h e  S o i l  Conservation Serv ice  cons t ruc t s ,  f i t s  t h i s  s p e c i f i c a t i o n  
and was very des i r ab le  from t h e  s tandpoin t  of  economy. Th i s  bas in ,  
shown i n  Figure 16, is a c t u d l y  a modif icat ion of Bas in  I1 just described. 
I t  was t h e  i n t e n t i o n  t o  first check t h i s  design t o  determine i ts  
adequacy so  far as Bureau requirements were concerned. Severa l  s t i l l i n g  
b a s i n s  :?ere s e t  up i n  t h e  l abora to ry  according t o  t h e  SAF r u l e s ,  and 
they a l l  demonstrated t h a t  the f a c t o r  of s a f e t y  was not  s u f f i c i e n t  f o r  
Rureeu use. It was discovered, however, t h a t  t h e  arrangement of tihis 
b a s i n  had exce l l en t  p o s s i b i l i t i e s ,  and t h a t  by changing dimensions, 
suc!? as t h e  length,  t he  t a i l  water depth, t h e  he ight  and l o c a t i o n  o f  
the  b a f f l e  blocks,  e tc . ,  t he  des i r ed  degree of conservatism could be 
obtained.  

I n  addi t ion  t o  t h e  foregoing t e s t s ,  numerous experiments were 
performed us ing  various types  and arrangements of b a f f l e  blocks on t h e  
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b o f f l e  blocks t r i e d  a r e  shown on Fi-re 17. The experimentat ion con- 
s i s t e d  o f  varying t h e  he ight ,  width and spac ine  of t h e  blocks and t h e i r  
p o s i t i o n  on t h e  apron. The blocks were pos i t ioned  i n  both s i n g l e  and 
6.ouble rows wi th  t h e  second row s taggered  wi th  r e spec t  t o  t h e  f i r s t .  
IL-rnr,,~e~nent "a" on Figure 17 cons i s t ed  of  a s o l i d  bucket s i l l  which 

t r i e d  i n  s e v e r a l  pos i t i ons  on t h e  apron. This  s i l l  r equ i red  an  
excessive t a i l  water depth t o  be  e f f e c t i v e .  Arrangement "b" was 
spproxilnately t h e  same shape a s  "a" except blocks and spaces rep laced  
;he s o l i d  s i l l .  For certain he ights ,  widths,  and spacing t h e s e  blocks 
per.formed q u i t e  w e l l  r e s u l t i n g  i n  a water  su r face  similar t o  t h a t  shown 
on Figure 20. Block "c" was i n e f f e c t i v e  f o r  any he ight .  The v e l o c i t y  
passed over  the  block at about a 45 degree angle,  t h u s  was not impeded, 
and the  v a t e r  su r face  downstream was very tu rbu len t  w i t h  waves. The 
sA:eppcd Block "dl' was a l s o  i n e f f e c t i v e  both  f o r  a s i n g l e  row and a 
double row. The ac t ion  was much t h e  same as f o r  "c". The cube "e" 
was effective when t h e  b e s t  he ight ,  width, spacing and p o s i t i o n  on t h e  
apron ;;ere found. The f r o n t  of t h e  jump was alrnost v e r t i c a l  and t h e  
water su r face  dotmstream was q u i t e  f l a t  and smooth, much l i k e  t h e  water 
sur face  shown on Figure 20. Block "f", which i s  t h e  same shape used i n  
t h e  SAF bas in ,  performed i d e n t i c a l l y  wi th  t h e  cub ica l  block "e". The 
importent f e a t u r e  as t o  shape appeared t o  be t h e  v e r t i c a l  upstream face .  
The foregoing blocks vere  arranged i n  s i n g l e  and double rows. The 
secona row i n  each case was of l i t t l e  value,  Sketch "h", Fi,gure 17. 

Elock "g" i s  t h e  same a s  Block "f" wi th  t h e  corners  rounded. 
I t  vas found t h a t  rounding t h e  corners  g r e a t l y  reduced t h e  e f f ec t iveness  
of t he  blocks.  It f a c t  a double rov  of blocks wi th  rounded corners  d i d  
nsL pcrfcrrn as w e l l  a s  a s i n g l e  row of Blocks "b", "e", o r  " f " .  A s  
2lock Iff" i s  u sua l ly  p re fe rab le  from a c o n s t r u c ~ i o n  s tandpoin t ,  it was 
used throughout t h e  remaining t e s t s  t o  determine a genera l  des ign  with 
respect  t o  he ight ,  width, spacing 'and p o s i t i o n  on t h e  apron. 

I n  a d d i t i o n  t o  e x ~ e r i m e n t i n g  wi th  t h e  b a f f i e  blocks, v a r i a t i o n s  
vere  t r i e d  wi th  respec t  t o  t h e  s i z e  and shape of  t h e  chute blocks and 
the end s i l l .  It w a s  found t h a t  t h e  chute blocks should b e  kept small, 
no l a r g e r  tha? Dl i f  poss ib le .  The  end s i l l  had l i t t l e  o r  no e f f e c t  on 
the jump proper.  The bas in  as f i n a l l y  developed i s  shown on Figure  18. 
T h i s  is g r i n c i p a l l y  an impact dj .ss ipat ion device whereby t h e  b a f f l e  
blocks a r e  c a l l e d  upon t o  do rnost'Gf t h e  work, The chute  blocks a i d  i n  
s t a b i l i z a t i o n  of  t h e  jump and t h e  end s i l l  is  f o r  scour  con t ro l .  

Ver i f i ca t ion  Tes t s  

A t  t h e  conclusion of t h e  development work, a s e t  of v e r t f i c a -  
tion t e s t s  was made t o  examine and record t h e  performance of  t h i s  basin,  
which w i l l  be designated as Basin 111, over  t h e  e n t i r e  range of  opera t inq  
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of 14 basins constructed i n  Flumes B, C ,  D, and E. The  condit ions 
under which the  t e s t s  were run, t h e  dimensions of' t he  basin,  and t h e  
r e s u l t s  a re  recorded on Table 4. The headings a re  i d e n t i c a l  with those  
of Table 3 except f o r  t h e  dimensions of t h e  b a f f l e  blocks and end sills.  
The a d d i t i m a l  symbols can be i d e n t i f i e d  from Figure le. S t i l l i n g  bas in  
zc t ion w : ~ ;  qui te  s t ab le  f o r  t h i s  design; i n  f a c t ,  more so than f o r  
e i t h e r  Basins I o r  11. The f ron t  of  t h e  Junp was s t eep  and the re  was 
less wave act ion t o  conterjd with downstream than i n  e i t h e r  of the  former 
basins.  I n  addition, Basin IS1 has a l a rge  f a c t o r  of s a f e t y  and operates 
equally wel l  f o r  a l l  valueti of t h e  Froude number above 4,0. The former 
basins have nei ther  of these  a t t r i b u t e s .  The v e r i f i c a t i o n  t e s t s  served 
t o  show t h a t ,  with a few revis ions ,  Basin I11 as developed was*very 
sa t i s fac to ry .  

Chute Blocks 

The reconmended proportions f o r  Basin I11 e r e  shown on 
Figure 18. The height,  width, and spacing of t h e  chute blocks a r e  equal  
t o  Dl, t h e  same as  was recommended for Basin 11, Larger heights  were 
t r i e d ,  as can be observed from C o l w i  18, Table 4, but a re  not recommended. 
The large2 chute blocks tend to throw a por t ion of t h e  high-velocity jet 
over t h e  b a f f l e  blocks. Soze cases  w i l l  be encountered i n  design, however, 
.$here 01 i s  l e s s  than 8 inches. I n  such cases the  blocks may be made 8 
inches high, which is  considered by some designers a s  t h e  minimum s i z e  
from a construction standpoint.  The width and spacing a r e  the  same a s  
the  height,  but t h i s  may be varied so  long a s  the aggregate width o f  
spaces approximately equals  the  t o t a l  width of t h e  blocks. 

Baf fbe Blocks - 
The height  of  t h e  ba f f l e  blocks increase with t h e  Froude number 

as can be observed from C O ~ . ~ I I ~ S  22 and 10, Table 4. The height,  i n  terms 
of D l ,  can be obtained from t h e  upper l i n e  on Figure 19. The width and 
spacing can vary so  long as  t h e  t o t a l  spacing i s  equal  t o  t h e  t o t a l  width 
of blocks. The most s a t i s f a c t o r y  width and spacing were found t o  be 
three-fourths of t h e  height.  It is nat  necessary t o  s tagger  t h e  baff? 
cloclts with t h e  chute blocks as t h i s  j1.s of ten  d i f f i c u l t  and the re  i s  
l i t t l e  t o  be gained from a hydraulic ~ t a n d p o i n t .  

The b a f f l e  blocks a re  located 0 . 8 ~ ~ d ~ w n s t r e a m  from t h e  chute 
blocks as  shown i n  Figure 18. The ac tua l  pos i t ions  used i n  t h e  v e r i f i -  
ca t ion t e s t s  a r e  shown i n  Column 25, Table 4. The pos i t ion ,  height  and 
spzcicg of the  baff le  blocks on the apron should be adhered t o  careful ly ,  
a s  these  dimensions a r e  important. For example, i f  t h e  blocks a re  s e t  
appreciably upstream from t h e  posi t f~on shown, they w i l l  prod~lce a cascade 
with r e s u l t i n g  wave ac t ion.  On t h e  contraly,  i f  t h e  blocks a r e  s e t  









- 

l i n e  does not represent  completc~ sweepout, b u t F  thp  po in t  ab vhich t h e  
f r o n t  of t h e  jump moves avay from the  chute blocks and the  bas in  no 
longer  funct ions  properly.  I n  s p e c i a l  ca ses  it may be advisable t o  
encroach on t h i s  wide margin of s a fe ty ,  however, It is not advisable  
as a general  r u l e  f o r  t he  reasons s t a t e d  above. 

Length of Basin - 
The length  of Basin 111, which is  r e l a t e d  t o  t h e  Froude nuiber ,  

can be obtained by consul t ing  t h e  lower curve on Figure  12. The po in t s ,  
Indica ted  by c i r c l e s ,  were obtained from Columns 10  and 12, Table 4, md 
ind ica t e  t h e  ex ten t  of t h e  v e r i f i c a t i o n  t e s t s .  The length  i s  measured 
from t h e  downstream s i d e  of t h e  chute blocks t o  t h e  downstream edge of 
t h e  end s i l l ,  Figure 10. Although t h i s  curve was determined conserva- 
t i v e l y  it w i l l  be found t h a t  t h e  length  of Basin I11 i s  l e s s  than one 
h a l f  t h e  length n e e d ~ d  f o r  a bas in  wi.thout appurtenances. Basin 111, 
2s was t r u e  of' Basin 11, may be e f f e c t i v e  f o r  values o f  t h e  Froude 
number a s  low &S 4.0, thus  t h e  l e n g t h  curve was terminated a t  t h i s  value. 

Water Surface and Pressure P r o f i l e s  
,"---' 

~lpprox'imate water sur face  p r o f i l e s  were obta ined  f o r  Basin I11 
during t h e  v e r i f i c a t i o n  t e s t s .  The f r o n t  of  t h e  jump was s o  s teep,  
Figure 20, t h a t  only two measurements were necessary--the t a i l  water  
depth and t h e  depth upstream from t h e  b a f f l e  blocks. The t a i l  water  
depth i s  shown i n  Column 6 and t h e  upstream depth i s  recorded i n  
Column 29 of Tablc 4. The r a t i o  of the  upstream depth t o  conjugate 
depth i s  shown i n  Colurnn 30. A s  can be observed, t h e  r a t i o  i s  much t h e  
swne r ega rd le s s  of t h e  value of t h e  Froude number. The average o f  t h e  
r a t i o s  i n  Column 30 is  0.52. Thus it w i l l  be assumed I,.,: t h e  depth 
upstrezn f ron  t h e  b a f f l e  blocks i s  one ha l f  t h e  t a i l  x::-?r depth. 

The p r o f i l e  represented by t h e  c ross  hatched area,  Figure 20, 
i s  f o r  conjugate t a i l  water  depth. For a g r e a t e r  t a i l  water depth Dz, 
the  wpslream depth would be '". For a t a i l  water depth l e s s  than con- 

2- 
juga te ,  Dy, the upstream depth would be approximately 3. There appears 
t o  be no p a r t i c u l a r  s ign i f i cance  t o  t h e  f a c t  t h a t  t h i s  r a t i o  is  one ha l f .  

The information on Figure 20 app l i e s  only  t o  Basin 111, pro- 
port ioned according t o  t h e  r u l e s  s e t  fo r th .  I t  can be assumed that f o r  
a l l  pract ical  purposes t h e  pressure  and water surface profi les  are t h e  
same. There w i l l  be a loca l i zed  increase  it-, pressure  on t h e  apron 
imrr.ediately upstream from each b a f f i e  block but  this has been taken i n t o  
account, more o r  l e s s ,  by extending t h e  diagram t o  f u l l  t a i l  water depth 
beginning at  t h e  @ s t r e a m  f a c e  of t h e  b a f f l e  blocks. 





The fo l lowing r u l e s  p e r t a i n  t o  t h e  design of t h e  Type I11 basin,  
Figure 18. 

1. The s t i l l i n g  bas in  opera tes  b e s t  a t  f u l l  conJugatc t a i l  
watcr depth, D2. A reasonab1.e f a c t o r  of  s a f e t y  i s  involved a t  con- 
jugate depth f o r  a l l  values cf t h e  Froudc number ( ~ i g r e  l l ) ,  bu t  
it is recomrj?ended t h a t  t h e  designer  no t  make c genera l  p r a c t i c e  of  
encroaching on t h i s  margin of s e fc ty .  

2. The length  of pooi,  which is  l e s s  than  one ha l f  t h e  l eng th  
of t h e  na tu re1  jump, can be obtained by consu l t ing  t h e  curve f o r  
a a s i n  I11 on Figure  12. 

3. S t i l l i n g  Basin I11 may be e f f e c t i v e  f o r  values of t h e  Froude 
number as low a s  4.0 but  t h i s  cannot be s t a t e d  f o r  c e r t a i n  ( consu l t  
Sec t ion  4 f o r  values under 4.5).  

4. Height,  width, and spacing of chute blocks should e q u a l  
t h e  averaze depth of f lc ;  en te r ing  t h e  bas in ,  o r  D l .  Width o f  b locks  
may be decreased, providing spacing i s  r ~ d u c e d  a l i k e  mount .  Should 
Dl prove t o  be  l e s s  than  8 inches, make t h e  blocks 8 inches high.  

5. The he ight  of t h e  b a f f l e   locks v a r i e s  with t h e  Froude n u h e r  
and i s  given on Figure 19. The blocks may be cubes o r  they  may be 
constructed as shown on Figure 18 so  long as t h e  upstreon f a c e  is  
v e r t i c a l  and i n  one p lane .  This  f ea t=e  is important.  The width  and 
spacing of b a f f l e  blocks are a l s o  shown on Figure 18. I n  narrow 
s t r u c t u r e s  where t h e  spec i f i ed  width and spacing of blccks do no t  
appeer p r a c t i c a l ,  block width and spac ing  nay be rt!duced, provid ing  
they  a r e  reduced a l i k e  axount. A h a l f  space is  recormended adjacent  
t o  t h e  walls .  

6. The upstream fzce  of t h e  b a f f l e  blocks should be set a t  n 
dis tance  of 0.8D2 from t h e  downstream f a c e  of  t h e  chute blocks 
(Figure 18). T h i s  dimension is a l s o  important.  

7. The he ight  of t h e  s o l i d  s i l l  a t  t h e  end of t h e  bas in  can be 
obtained from Figure  19. The s lope  i s  2 : l  upward i n  t h e  d i r e c t i o n  of 
flow. 

8. A s  a reminder, a condit ion of excess t a i l  water dcpth  does 
not j u s t i f y  shor ten ing  of t h e  bas in  length .  



a t  t h e  i n t e r s e c t i o n  o f  t h e  chute E I I ~  bas in  apron f o r  s l o p e s  of  1:5 
degrees o r  g rea t e r .  

10. A s  a genera l  ru1.e t h e  s lope of t h e  chute  h a s  i i t k l e  c f f e c t  
on t h e  jump unless  long  f l a t  s lopcr  a r e  involved. This  phase w i l l  
be considered in  S e c t i o n  5 on s loping  aprons. 

A s  t h e  'Type I11 bas in  i s  sho r t  coupled, tne above r u l e s  should 
b e  followed c lose ly  f o r  i t s  PI-oportioning. I? t h e  p ropor t ion in3  i s  t o  
be v a r i e d  from t h a t  reco,nmendcd, a model s tudy i s  advisnb3.e. A r b i t r n ~ y  
limits f o r  t h e  Type I11 bas in  a r e  set  a t  200 c f s  pe r  f o o t  o f  bas in  
width, o r  100 f s e t  o f  f c l l ,  u n t i l  experience demonstrates otherwise.  

Appl ica t ion  of Hesul t s  (Exanple 7 )  -- 
Given t h e  fo l lowing  computed values f o r  a s n e l l  overflow darn 

Q 9 : 
c f s  - cf  s - f t / s e c  - f t  

3900 78.0 59 1.130 
3090 61.8 66 0 936 
2022 4o.l.c5 63 0.642 
062 13.25 51 0.260 

and t h e  t a i l  water  curve  f o r  t h e  r i v e r ,  i d e n t i f i e d  by t h e  s o l i d  l i n e  on 
Figure  21: Proport ion a Type I11 basin f o r  t h e  most adverse condi t ion  
u t i l i z i n g  f u l l  con,jugate t a i l  water depth. The flow i s  symmetrical and 
t h e  width of t h e  bas in  is  50 f e e t .   h he purpose of  t h i s  example i s  t o  
demonstrate t he  use of t h e  jump he ight  curve.) 

The f i r s t  s t e p  i s  t o  compute t h e  jump he ight  curve.  A s  V1 
and Dl are given, t h e  Froude number i s  computed and t a b u l a t e d  i n  
C O ~ W J I  2, Table 5. 

Table 5 

Jlrnp he i eh t  
Q - D2 - D l  - D2 e Levat ion 

% curve  A-' Curve B 
(3 0 
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a r e  obtained f o r  con , ju~a te  t a i l  water  depth from t h e  s o l i d  l i n e .  

These values a r e  D2 and a r e  shown l i s t e d  i n  Column 3. The conjugate  t a i l  =T 
water  depths f o r  t h e  various d ischarges ,  Column 5, were obtained by 
mul t ip ly ing  t h e  values i n  Column 3 by those  i n  Column 4. 

I f  it were assumed t h a t  t h e  most adverse ope ra t ing  condi t ion  
occurs  a t  t h e  maximum discharge of  3,900 c f s ,  t h e  s t i l l i n g  b a s i n  apron 
would be loca t ed  at e l eva t ion  617.5-17.8 o r  e l e v a t i o n  599.7. 

With t h e  apron at; e l eva t ion  599.7 t h e  t a i l  water  r equ i r ed  f o r  
conjugate  t a i l  water  depth f o r  each discharge-  would fo l low t h e  e l eva t ions  
l i s t e d  i n  Column 6. P l o t t i n g  Columns 1 and 6 on Figure  21  r e s u l t s  i n  
Curve A, which shows t h a t  t h e  t a i l  water depth  is inadequate f o r  a l l  but  
t h e  maximum discharge.  

The t a i l  water  curve i s  unusual i n  t h a t  t h e  most adverse t a i l  
water condi t ion  occurs at  a d ischarge  of  approximately 2,850 c f s  r a t h e r  
than  maximum. A s  f u l l  conjugate  t a i l  water depth is d e s i r e d  f o r  t h e  
most adverse t a i l  water condi t ion ,  it is  necessary t o  s h i f t  t h e  jump 
he ight  curve downward t o  rriatch t h e  t a i l  water curve fo r  a d ischarge  o f  
2,850 c f s  ( s e e  Curve B, Figure 21) .  The coord ina tes  f o r  Curve B are 
given i n  Columns 1 and 7, Table 5. This  w i l l  p lace  t h e  bas in  f l o o r  2.5 
f e e t  losrer, o r  e l e v a t i o n  597.2 f e e t ,  as  shown i n  ske tch  on Figure  21. 

Although t h e  p o s i t i o n  o f  t h e  bas in  f l o o r  w a s  se t  f o r  a d i s -  
charge of  2,850 c f s ,  t h e  remaining d e t a i l s  a r e  proport ioned f o r  t h e  
maximum discharge  of j,gOO c f s .  

Enter ing  F igure  12  wi th  a Froude number of  11.42, 

L~~~ -- 
"2 

- 2.75, and the  l eng th  of  

b a s i n  requi red  L I I ~  = 2.75 x 17.80 = 48.95 f e e t .  

( ~ o t i c e  t h a t  conjugate  depth was used, not  t a i l  water  depth.) 

The height ,  width, and spacing of  chute  blocks are equal. t o  Dl 
o r  1.130 f e e t  (u se  13  or 1 4  i nches ) .  - - 

The he ight  of  t h e  b a f f l e  blocks f o r  a Froude number of  11.42 
( ~ i ~ u r e  19 )  is  2.5D1. 

h3 = 2.5 x 1.130 = 2.825 f e e t  (u se  34 inches ) .  - 



three-fourths of the height or  

0.75 x 34 = - 25.5 i.nches. 

Froc Figure 18, t h e  upstream face of t h e  baff le  blocks should 
be 0.8D2 from the downstrew face of the  chute blocks, or  

0.8 x 17.80 = - 14.24 f ee t .  

The height of the  solid end s i l l ,  Figure 17, i s  1 . 6 0 ~ ~ ,  o r  

hq = 1.60 x 1.130 = 1.81. fee t  (use - 22 inches). 

The f i n a l  dimensions of the basin are shown on F i ~ u r c  21. 



WAVE SUPPRESSORS FOR CANAL STRUCTURES, 
0urrx-c WORKS, AND D I ~ R S I O I C  DAMS 

(BASIN IV) 

In t roduct ion  

This  s e c t i o n  w i l l  be devoted t o  d i scuss ing  t h e  c h a r a c t e r i s t i c s  
of  t h e  hydraul ic  jump i n  s t i l l i n g  bas ins  f o r  velues o f  t h e  Froudu number 
between 2.5 and 4.5. The jump is  not completely developed i n  t h i s  range 
end t h e  former methods of design do not  apply. Th i s  range i s  encountered 
p r i n c i p a l l y  i n  t h e  design of cana l  s t r u c t u r e s ,  b u t  occas iona l ly  d ive r s ion  
dams and o u t l e t  works f a l l  i n  < h i s  cat,egory. Three devices ,  developed 
from l abora to ry  t e s t s ,  a r e  presented  f o r  combating wave a c t i o n  which is 
so  p e r s i s t e n t  f o r  values of t h e  Froude number between 2.5 and 4.5. 

Jump C h a r a c t e r i s t i c s  

For values of the Froude number between 2.5 and 4.5, t h e  
e n t e r i n g  j e t  o s c i l l a t e s  i n t e r m i t t e n t l y  from bottom t o  su r f ace ,  a s  
i nd ica t ed  i n  Figure 9B, with no p a r t i c u l a r  per iod .  Each o s c i l l a t i o n  
genera tes  a  wave which is very d i f f i c u l t  t o  dampen. I n  narrow s t r u c t u r e s ,  
such a s  cana ls ,  t h e s e  waves p e r s i s t  i n  varying degrees f o r  miles.  A s  
t h e y  encounter obs t ruc t ions  i n  t h e  cana l ,  such a s  br idge  p i e r s ,  t u rnou t s ,  
checks.and t r a n s i t i o n s ,  r e f l e c t e d  waves may be generated which t end  t o  
dampen t h e  o r i g i n a l  wave, o r  t h e  per iod  could be such t h a t  t h e  r e f l e c t e d  
wave a c t u a l l y  accentua tes  t h e  o r i g i n a l  wave. Waves a r e  d e s t r u c t i v e  t o  
ea r th - l i ned  cana l s  and r i p r a p  end produce undes i rab le  surges  a t  gaging 
s t a t i o n s  and i n  measuring devices .  Inc iden ta l ly ,  s t r u c t u r e s  f a l l i n g  i n  
t h i s  range a r e  t h e  ones t h a t  r equ i r e  t h e  most maintenance. I n  f a c t ,  it 
has been necessary t c  rep lace  o r  r ebu i ld  a nunber o f  e x i s t i n g  s t r u c t u r e s  
i n  t h i s  category.  

On wide s t r u c t u r e s ,  such a s  d ive r s ion  clam, wave a c t i o n  is  not  
e s  pronounced as t h e  waves can t r a v e l  l a t e r a l l y  a s  w e l l  as p a r a l l e l  t o  
the d i r e c t i o n  of  flcw. The combined e c t i o n  produces a  dampening e f f e c t  
bu t  a choppy water  sur face .  The r e s u l t i n g  waves a r e  u sua l ly  d i s s i p a t e d  
i n  a s h o r t  d i s t ance .  

Where o u t l e t  works, ope ra t ing  under heeds of  50 f e e t  o r  g r e a t e r ,  
f a l l  wi th in  t h e  range of Froude number between 2.5 and 4.5 a model s tudy  
of t h e  s t i l l i n c  b a s i n  i s  imperative. A model s tudy  i s  t h e  only means o f  
be ing  assured  t h a t  a design of t h i s  na ture  w i l l  be s a t i s f a c t o r y .  



Years of e x p e r i e ~ c e  wi th  models &n.d f i e l d  s t r u c t a r e s  operu l ing  
a t  Froude numbers from 2.5 t o  1;. 5,  y i e l d  only a fcw remedies f o r  
e f f e c t i v e l y  reducing t h e  amplitude of waves. The f i r s t  i s  app l i cab le  
f o r  s t i l l i n g  pools  preceded by an o v e r f a l l  o r  chutc  s t r u c t u r e ,  E! second 
i s  f o r  small  czno.1 drops,  and a t h i r d  i s  fo:. a gatr! s t r u c t u r e  d i s c h a r ~ i n g  
onto s hor i zon ta l  f1.oor. These th ree  t n c s  : . r i l l  be d iscussed  here.  

Ovorfa l l  o r  Chute S t r u c t u r e  

The b e s t  way t o  cornbat a wave problen is t o  el i rninate  t h e  weve 
a t  i t s  source; i n  o t h e r  words, concent ra te  on a l t e r i n g  t h e  cond i t i on  
which genera tes  t h e  wave. I n  t h e  case  of  t h e  s t i l l i n g  bas in  preceded by 
an ovorfa:.l o r  chute ,  two schemes were apparent  f o r  e l imina t ing  waves a t  
t h e i r  source.  The first wes t o  break up o r  e l imina te  t h e  r o l l e r ,  shown 
on Figure 93, by o p p ~ s i n g  it with d i r e c t i o n a l  j e t s .  The second was t o  
b o l s t e r  o r  i n t e n s i f y  t h e  r o l l e r  by d i r e c t i o n h l  je t ;  i n  a n t i c i p a t i o n  t h a t  
it would s t a b i l i z e .  

The f i rs t  rrethod was unsuccessfu l  i n  t h a t  t h e  number and s i z e  
of appurtenances necessary t o  break up t h e  r o l l e r  occupied s o  much volume 
t h a t  t hese  i n  themselves posed ar~ obs t ruc t ion  t o  t h e  flow. This  t e s t i n g  
cons i s t ed  of s y s t e m ~ t i c a l l y  plzcina, numerous shaped b a f f l e  blocks and 
guide blocks i n  t h e  s t i l l i n s  b a s i n  i n  cornbir?ation wi th  var ious  types  of 
sp-eader  t e e t h  and d e f l e c t o r s  i n  t h e  chute.  The program involved dozens 
of t e s t s ,  and not  u n t i l  a l l  conceivable  ideas  were t r i e d  was t h i s  approach 
abandoned. A few of  t h e  b a s i c  i deas  t e s t e d  a r e  shown on Figure  22. 

The second approach, t h a t  of a t tempt ing  t o  i n t e n s i f y  t h e  
r ~ l l e r ,  y i e lded  b e t t e r  r e s u l t s .  I n  t;tlis case ,  l a r g e  blocks were placed 
we l l  up on t h e  chute  while  ~ o t h i n g  was i n s t a l l e d  i n  t h e  s t i l l i n g  b a s i n  
proper.  The o 5 j e c t  i n  t h i s  ca se  w a s  Lo d i r e c t  a l e t  a t  t h e  base of  t h e  
r o l l e r  i n  an z t t e c p t  t o  s t rene then  i t .  kft;er 2 number of t r i a l s ,  t h e  
r o l l e r  was ac tua l l j .  i n t e n s i f i e d  which d id  i~tlprove Lhe s t a b i l i t y  of t h e  
j w ~ p .  Sketches d and e on Flgure 22 i n d i c a t e  J u s t  two scherccs t h a t  
showed promise, a l though n;&rly v a r i a t i o n s  were ~ r i e d .  After f i nd ing  an 
arrangemenf, thzt w e s  e f f e c t i v e ,  it was then  attempted t o  maice t h i s  a s  
simple a n;zr;ter of cons t ruc t i an  a s  poss ib l e .  The dirnensions and propor- 
t i o n s  o f  t h e  d e f l e c t o r  blocks a s  f i n a l l y  edoptcd a r e  shown on Figure  23. 

The o b j c c t  i n  t h e  1a:ter scheme w a s  t o  p l ace  as few appurte-  
nances a s  poss ib i e  i n  t h e  pa th  of t h e  flow, as volume occupied by 
zppurtenances merely c r e a t e s  a backwater problem, t h u s  r e q u i r i n g  higher  
t r a i n i n g  w a l l s .  The n w b e r  of d e f l e c t o r  blocks shown on Figure  23 is a 
mini:num requirement t o  accomplish t h e  purpose set; f o r t h .  The width of 
t he  blocks i s  shown equal  t o  Dl and t h i s  is the  maxi mu:^ width recor,mended. 







narrower than  ind ica ted ,  p re fe rab ly  0.75D1. The r a t i o  o f  block width .to 
spacing is 1: 2.5. The blocks are r a t h e r  high and, i n  some cases ,  
extremely long but t h i s  i s  e s s e n t i a l  as t h e  j e t  must p l a y  a t  t h e  base  of  
t h e  r o l l e r  t o  be e f f e c t i v e .  The extreme t o p  of  t h e  blocks a r e  2D1 above 
the  f l o o r  of t h e  s t i l l i n g  bas in .  To accommodate t h e  various s lopes  o f  
chutes  and ogee shapes encountered, n r u l e  has been e s t ab l i shed  t h a t  t h e  
h o r i z o n t a l  len&h of t h e  blocks shou3.d be at  l e a s t  2D1. The upper s u r -  
face  of  each block is  sloped a t  5 deg:ees i n  a downstretun d i r e c t i o n  a s  
it was found t h a t  t h i s  f e a t u r e  r e s u l t e d  i n  b e t t e r  opera t ion ,  e s p e c i a l l y  
a t  t h e  lower d ischarges .  

A t a i l  water depth 5 t o  10 gercent  g r e a t e r  than  t h e  conjugate 
depth i s  recommended f o r  t he  above basin.  The jump i s  very s e n s i t i v e  t o  
ta i1wate : -  depth at these  low values o f  t h e  Froude number; a s l i g h t  
de f i c i ency  i n  t n i l  water depth may allow t h e  Jump t o  sweep cotnpl.etely 
out  of t h e  bas in .  hiany of  t h e  d i f f i c u l t i e s  t h a t  have been encountered 
i n  smal l  f i e l d  s t r u c t u r e s  i n  t h e  p c s t  can be a t t r i b u t e d  t o  t h i s  aspec t  
of  t h e  jump for  low numbers. I n  addi t ion ,  t h e  jump performs much b e t t e r  
end xave a c t i o n  i s  diminished i f  t h e  t a i l  water  depth i s  increased  t o  
approximately 1.102. - 

The length  of  t h i s  bas in ,  which i s  r e l a t i v e l y  s h o r t ,  can be 

I obtained from t h e  upper curve or, Figure 12. No a d d i t i o n a l  blocks o r  
appurtenances a r e  needed i n  t h e  basin,  as  t h e s e  w i l l  prove a g r e a t e r  
detr iment  2han a id .  The add i t i on  of a smal.1 t r i a n g u l a r  s i l l  p laced  at  
t h e  end of t h e  apron f o r  scour  c o n t r o l  is  opt iona l .  I f  designed f o r  
t h e  maximum discharge ,  t h i s  s t i l l i n g  bas in  w i l l  perforn;. s a t i s f a c t o r i l y  
f o r  a l l  flows. Th i s  design i s  app l i cab le  f o r  r ec t angu la r  c r o s s  s e c t i o n s  
only.  

Small Canal Drop 

A second scheme f o r  reducing wave a c t i o n  a t  t h e  source, f o r  
values of  t h e  Froude number between 2.5 and 4.5, i s  app l i cab le  t o  sma l l  
drops ir, cana ls .  k l ~ h e  Froude nurnber i n  t h i s  case  would be computed t h e  
same as though t i e  drop were a n  over f lov  c r e s t .  A s e r i e s  of s t e e l  r a i l s ,  
channel i rons  o r  t imbers  i n  t h e  f o r n  of a g<izzly a r e  i n s t a l l e d  at  t h e  
dm?, as shown on Figure 24. The over  f a l l i n g  j e t  is se?arated i n t o  a 
n u ~ b e r  of long, t h i n  s h e e t s  of  water  which f a l l  nea r ly  v e r t i c a l  i n t o  t h e  
c s n r l  below. D i s s ipa t ion  i s  exce l l en t  and the usua l  wave problem i s  
evoided. If t h e  rails a r e  t i l t e d  downward a t  an angle of  3 degrees o r  
more the  gr id  i s  s e l f  c leaning.  

Two spacing arrangements were t e s t e d  i n  t h e  labora tory :  I n  
t h e  f i r s t ,  t h e  spacing was equal  t o  t h e  width of  t h e  beams, and in t h e  
second t h e  spacing was two t h i r d s  of t h e  beam width. The l a t t e r  was 





about 2.9 t imes t h e  depth of f l o w - i n  che c i n a l  upctrcau~,  while i n  t h e  
st:cond, it was necessary  to increase t h e  l e n ~ t h  t o  approximutely 3 . 6 ~ .  
Ttle following express ion  can be used f o r  compuLing t h e  length  o f  g r i z z l y .  

where Q i s  t o t a l  d i scharge ,  C i s  an exper'imental coefficient, W i s  t h e  
v i d t h  of specing i n  f e e t ,  N is  t h e  number of  sr>e.ccs: g i s  t h c  a c c e l c r ~ t t i o n  
of g r a v i t y  and y  i s  t h e  depth of flow i n  t h e  cana l  upstream ( s e e  F igu re  24 ) .  
The value of C f o r  t h e  two arranqernents tes ted .  vas  0.245. 

I n  t h i s  case t h e  g r i z z l y  makes i t  poss ib l e  t o  avoid chc? hydraul ic  
jurnp. Should it be d e s i r e d  t o  maintain a c e r t a i n  l e v e l  i n  t h e  c a n r l  
upstream, t h e  g r i d  may be  t i l t e d  upward t o  a c t  u s  r, chcc!:, hawever, t h i s  
arrangement may pose a c leaning  problen. 

Gate Co;ltrolled S t r u c t u r e s  Discharging Hor i zon ta l ly  i n t o  S t i l l i n g  Basin 

k glance at  F i ~ u r e s  23 and 24 w i l l  i n d i c a t e  t h a t  t h e  preceding  
t reatrnents  can i n  no way appLy t o  a ga te  c o n t r o l l e d  s t ruczu re  d i s c h a r g i n ~  
h o r i z o n t a l l y  i n t o  a  s t i l l i n g  bas in .  Tne g a t e  c o n t r o l l e d  s t r u c t u r e ,  
F igure  25, o p e r a t i n s  i n  t h e  r a g e  of Froude numbers from 2.5 t o  4.5, 
poses a  s epa ra t e  PI-oblern. J'n t h i s  case  t h e r e  appcdr, no rnecns o f  elimi- 
n a t i n g  waves at t h e i r  source.  Appurtenances i n  t h e  s l i i l l i n g  b a s i n  
merely produced seve re  sp lash ing  a d  c r e a t e d  a  bac!arater e f f e c t ,  
r e s u l t i n g  i n  submerged f l b u  ak +,he ga t e  f@r t h e  l e r g c r  flows. Submersed 
flow would reduce t h e  e f f e c t i v e  head on t h e  s t r u c t u r e  and i n  t u r n ,  t h e  
capaci ty.  

The remedy i n  t h i s  ca se  may net be t h e  most d e s i r a b l e  b u t  i t  
was  t h e  only scheme found s a t i s f a c t o r y  f o r  coping v i t h  e x i s t i n g  waves. 
The rnethod is  t h e  r e s u l t  of  a nodel s tudy  on a  s p e c i f i c  f i e l d  s t r u c t u r e .  
The general  arrangement of t h e  s t r u c t u r e  i s  shown i n  Fiuure 25. The 
Froude number v a r i e d  from 3 t o  7, depending on t h e  hqad behind t h e  g a t e  
and t h e  gate  opening. Ve loc i t i e s  i n  t h e  cana l ' ranged  from 5 f o  10 f e e t  
pe r  second. Waves generated reached a he igh t  of a s  nuch as  ,.5 i 'eet ,  
measured from t rough t o  c r e s t .  

The most e f f e c t i v e  so lu t ion  c o n s i s t e d  of  p l ac ing  two stat; ionexy 
r a f t s  20 f e e t  l o n z  by B f e e t  wide, mede from 6- by &inch timbers,  i n  
t h e  canz l  downstream from t h e  s t i l l i n g  b a s i n  ( ~ i g u r e  25). A space was 
].eft between each t imber  m d  l i g h t e r  c r o s s  p i e c e s  Irere placed on t h e  
r a f t s  p a r a l l e l  t o  t h e  flow, g iv ing  t h e  appearance of  many rec tm@l.ar  
holes  ( F l y r e  26) . 





t r s t e d  such a s  r a f t s  having o111y i c n & t u d i n a l  s l o t s ,  s t e e l  p l a t c s  wi th  
punched noles  enchorcd zt ttlc sur?rce,  and v e r t i c a l  c u r t a i n  wa l l s  
(~:c.cl;ches f  ruld g, Figure 22) with eril without  holes .  1Jor.e of  t h e s e  
cpproachcd the  perfornimcc of  thc r e f t  shovn on F i c u r c  26. Seve ra l  
csscn;i: l l  requirements were n?p;lre~lt, bu t  t h e r e  niay b c  o thers :  (1) 
~ h n t  thz r z f t s  be punc'cured wizh a series of  ho les ;  ( 2 )  t h a t  t h e r e  must 
b.: soi::e ciepth t o  t h e s e  holes ;  (3)  t h a t   it l e a s t  two r a f t s  z r c  necessary;  
c.nci ( I : )  ;hat t n c  r a f t s  niust be he ld  s t a t i o n a r y .  It was found. t h a t  t h c  
l a a t i o  of hole area TO toed nrcc  o f  r a f t  could be from 1:6 t o  l:8. The 
-.,, :,fL rhovn i n  F i zu re  25 ir; SO f e e t  lo11,7 by 8 f e e t  wicic. The width i s  a 
raini!nu!n di:~iension. The r a f t s  nust  havc sufficient th i ckness  so  t n c t  t h e  
l,rou.&s oi' chc waves do riot bre3.i.. i r c n  fro:r. the underside.  The t o p  
su r f aecs  oi' t h e  r a f t s  are s e t  a t  the m e n  watcr su r rncc  in a f i x e d  
p o s i t i o n  s o  t h a t  they  cannot move. Spacin? between refr ;s  should be at:. 
Icct:;: t h r e e  ti~:!es t h e  r a f t  dirrcnsion, r:easured p a l - a l l e l  t o  $he flow. 
7.hc f i r s t  ~ c f t  decrcnses thc wcve h c i ~ h t  a'i l c n s t  50 po-certt ,  whj.lc t h e  
r,eco!ld rnz't ef f e c t s  ci f u r t h c r  r .ed~~cl;ion. Surges over  t h e  r a f t  d i s r i p a t e  
t:n,c::::s?l-ics t.;r f low downward throuyh t h c  ho les ,  yr'nile surl_:cs f'rom under 
chc r-sft f l o w  u p a r d  t h r o ~ ~ ~ i ?  thc  'nc1.c~. The cfCect i s  e~:~zi.,ing, e s p c c i n l l y  
:rh?n ;be d i f f i c u l t y  of  t h e  problz:: i c  considered.  For  t h i s  s p e c i f i c  cp.se 
!;hc ;:~.i~i.r: we:-e reciuccd fro!:' 18 inchc? zo  3 incllcs i n  he ight .  

i n  t h c  n a j o r i t y  of  ceses ,  wave zc t ion  i s  on ly  sc r ious  a t  $he 
r.:;xirnu:: d i s c h z r ~ c  when f recbeard  is cndenf;crcd, s o  t h c  rofr,s crrr. be a 
ri.r:nnno;it i n 8 t r l l a t i o n .  For f,nj :; clcpl icnt ion t i ls  r o f t s  should perform 
equzl ly  1~eI . l  i n  t r a p e z o i d a l  ns ! w l i  or, reckzngular  channels .  Thc rnE.t;s 
can be ~ 9 . d ~  adJua tab le  f o r  rect,tlngulor. chenncls  should it be d e s i r e d  t o  
sugprr?Fr, t h c  wavcs a t  p e r t i 3 1  floycrs. I n  the  cast of t r a p e z o i d r l  channels ,  
2 sec2nd sc t  o f  r a f t s  may bc placed under t hy  f i r s t  s e t  f o r  p a r t i c l  floxrs. 
Co l lnc t i cn  of :,rzsh a t  t h c  racks could a c t u a l l y  irnprovc t h e i r  pe?-formancc. 

The same r z f t  nrrcnt;.e:nent is e l s o  q p l i c a b l e  for  suppressing 
wz-:cs v i t h  s re:;ular per iod  cuch c s  v i n s  waves, weves :r.c.iuced by the  
~a~~rt i :! ' ;   id. stoppin[; of pu:nps, e:c. I n  t h i s  case ,  t h e  p o s i t i o n  of t h e  
d s w r i s t r o ~ ? :  rzfc i:: important.  'i'h? second r a f t  should be posi:;ioned a t  
zoxc f r a c t i o n  of  t h e  vave length  downstream. P lec ing  it ct 2 f u l l  wave 
1 e z ~ t h  could czusc! both  r a f t s  t o  bc i n c f f c c t i v e .  Thus, f o r  narrow 
czna'ic i t  mzy ?jr't-,e advisable  %o rake t h ~  second r ~ f l ;  p o r k b l e .  

Ccnclusions 

The moss d i f f i c u l t  grobleca encountered i n  s t i l l i n g  bas in  
dfjsigz occur f o r  values o f  t h e  Froudc number Setween 2.5 and 4.5. Waves 
a re  produced by zn uns teb le  condit lor .  o f  t n e  Jufnp. Once t h e  wavcs a r e  
supsresscd the rc  is  no p a r t i c u l a r  d i s s i p a t i o n  problem. Three schemes f o r  
!rave suppression have been d iscussed .  







STILLING BASIN WITH SLOPING APRON 
(BASIN V) 

In t roduct ion  

Much has been argued, p ro  and con, concerning t h e  advantages 
2nd d i sa&~an tages  o f  s t i l l i n g  bas ins  with s lop ing  aprons. The d i s -  
russ ion  had never been s e t t l e d  s a t i s f a c t o r i l y ,  simply because t h e r e  was 
cos s u f f i c i e n t  support in^ d a t a  a v a i l a b l e  t o  draw conclusions.  It was 
d ~ c i d c d  i n  t h i s  s tudy,  t h e r e f o r e ,  t o  i n v e s t i g a t e  t h e  s lop ing  apron type  
3f bns in  s u f f i c i e n t l y  t o  Rnswer t h e  var ious  ques t ions  and a l s o  t o  
pravidc ao re  d e f i n i t e  design da t a .  

Four flumes, A, B, D, and F, Figures  1, 2, end 3, were u ~ r d  
t o  ohtalr .  t h e  range of Froude nuqbers des i red .  I n  t h e  cRse of Flumes A, 
B, and D, f l o o r s  were i n s t a l l e d  t o  t h e  s lope  des i r ed ,  while  Flume F 
could be t i l t e d  t o  ob ta in  s lopes  from 0 t o  12 degrees.  The s lope ,  as  
r e f e r r e d  t o  here,  i s  t h e  tangent  of  t h e  angle between t h e  f l o o r  and wi th  
t h e  ho r i zan ta l ,  and w i l l  be designated a s  "$." Five p r i n c i p a l  measure- 
ments were aade i n  t hese  t e s t s ,  namely: t h e  d ischarge ,  t h e  average 
depth of flow e n t e r i n g  t h e  jump, t h e  l eng th  of t h e  jump, t h e  t a i l  water  
depth, and the  s lope  of  t h e  apron. The t a i l  water  was ad jus t ed  so  t h a t  
t he  f r o n t  of  t h e  jump formed e i t h e r  a t  t h e  i n t e r s e c t i o n  of t h e  sp i l lway 
f ace  end t h e  s lop ing  apron o r ,  i n  t h e  ca se  of t h e  t i l . t i r ig  flume, a t  a  
s e l e c t e d  po in t .  

The jump t h a t  occurs  on t h e  s lop ing  apron t akes  many forms 
depending on t h e  s lope  and arrangement of t h e  apron, t h e  va lue  of t h e  
Froude number, and t h e  concent ra t ion  of  flow o r  d ischarge  p e r  f o o t  o f  
v id th ;  but from a l l  appearances, t h e  d i s s i p a t i o n  i s  a s  e f f e c t i v e  as 
occurs  i n  t h e  t r u e  hydraul ic  jump on a  ho r i zon ta l  apron. 

Previous Experimental Work 

Previous experimental work on t h e  s lop ing  apron has been 
c a r r i e d  on by several exper iaenters .  I n  1934, t h e  l a t e  C .  L. Yarne l l  
of  the  United S t a t e s  Department of Agr icu l ture  supervised a s e r i e s  of  
experiments on t h e  hydraul ic  jump on s l o p i n g  aprons. Carl Kindsvater 5 /  
l a t e r  compiled these  d a t a  and presented  a  r a t h e r  complete p i c t u r e ,  botK 
experimental ly  and t h e o r e t i c a l l y ,  f o r  one s lope,  namely: 1: 6 ( t a n  @ = 
0.167). G. H. Hickox 5/ presented d a t a  f o r  a  s e r i e s  of  experiments on 
a s lope  of 1: 3 (tan 6 E 0.333). Bakhmeteff 1/ and Matzl:e g/ performed 
experiments on s lopes  o f  0 t o  0.07 made i n  a-flume 6 inches wide. 



ways on a  s lop ing  apron, a s  o ~ ~ t l i n e d  Sy %indcvr t c r ,  ? r e sen t ing  sepc ra t c  
and d i s t i n c t  problens ,  Figurc 3 7 .  Case A i s  n 'iirng on a horizcntnl .  
apron. I n  Case B, t h e  t o c  of' t h e  ~LLT-L)  f o m s  on t h e  s lopc ,  ~ l rh i lc  t h c  036 
gccur:; over t h e  hori::ontal epron. I n  Cnse C ,  t h c  t,oc of t h e  .ju.r;p i s  on 
t n e  s lope ,  and t h e  end i s  ct tho iunc t ion  of  Lhe s l o y r  and t h e  ho r i zon ta l  
apron; while i l l  Case D, t he  cnt:rc: .jll.r,p fnrnls or? thr? sl.oy,e. Vi th  so I!iany 
p o s s i b i l i t i e s ,  it is enci1.y u~.~dnrr :~me! :rhy ex?)ewimenlur.l d a t a  heve becn 
lac;: in?  on t h e  s lop ing  Epron. i,icssr:. Y:i#rne?l, P:i*li,r-vnter, Bakhnetef f ,  
and Phtzke 1i:nited ;heir  experimi2nts t o  Ease D. B. 3. 3inhluub - 7/ of t h e  
Univers i ty  of C a l i f o r n i a  cocccnt ra ted  or1 t h e  so luc ion  of Case 3, but h i s  
~:cpcrirnentnl r e s u l t s  a rp  coa~plc te  f o r  only one s lope ,  t,hnt of l.?.33" 
( t a n  6 = 0.217) . 
Prcsent  Consideret ions 

From a p r a c t i c a l  s tandpoin t ,  t h e  scope of thr? present  t e s t  pro-  
gra:n need not be so broad as ou t l i ned  i n  Fir~url? 77. For exatiiplc, t;he 
a c t i o n  i n  Casss C and D i s  for a l l  p r a c t i c a l  purposes t h c  same, i f  it i s  
assumed t h a t  n hor i zon ta l  f l o o r  begins a t  t h e  end of  t h e  junp f o r  Case D. 
The f i r s t  of i h e  cur-rent -.qeri:nents t o  bc descr ibed  i n  t h i s  chapter  
involves Case D. However, s u f f i c i e n t  tes% -were ::lad? on Case C t o  v e r i f y  
t h e  above statcmcnt t h a t  Cescn C and D con be considered as onc. Thc 
second s e t  of t e s t s  w i l l  d e a l  vit,:? Case R .  Case B i s  v i r t u a l l y  Case A 
ope ra t ing  with excessive- t o i l  waier depth. A s  t h e  t c i l  water depth i s  
f u r t h e r  increased,  Case B spproaches Case C .  Thc resu l t s  of Case A 
have c l ready  been d iscussed  i n  t h e  preceding c h a p t c r r ,  nnd Cases D and B 
w i l l  be considered here  i n  order .  

Experimental Resul t s  (Czse D) 

Data obtained f r o n  the  f o u r  flumes used i n  t,he s lopinq  a,nron 
t e s t s  ( ca se  D ex per in lent;^) a r e  t abu la t ed  on Table 6 .  The heed.ings a r e  
very :nuch t h e  sane a s  t hose  i n  previous t a b l e s ,  bu t  w i l l  need some 
explanat ion.  C o l m  2 l i s t s  t h e  tangents  of  t h o  angles  of t h e  s lopes  
t e s t e d .  The depth of  flow e n t e r i n g  t h e  ,jump, Dl, Colun~n 8 , was measured 
a t  t h e  beginning of t h e  jump i n  each case ,  corresponding t o  Sec t ion  1, 
Figure  27D. It r ep resen t s  t h e  average of  a generous number of  p i n t  gage 
measurements. The v e l o c i t y  a t  t h i s  same p o i n t ,  V 1 ,  Column 7,  was com- 
puted by d iv id ing  t h e  u n i t  discharge,  q ,  (column 5 )  by D l .  The l eng th  of  
jump, Column 11, was measured i n  +,he flume, bear ing  i n  mind t h a t  t h e  
o b j e c t  of  t h e  t e s t  was t o  ob ta in  p r c c t i c a l  d a t a  f o r  s t i l l i n g  bas in  design.  
The end of t h e  jump w a s  chosen as t h e  poin t  where t h e  high v e l o c i t y  j e t  
began t o  lift from t h e  f l o o r ,  o r  a  po in t  on t h e  l e v e l  t a i l  water su r f ace  
inmediately downst rew from t h e  su r f ace  r o l l e r ,  whichever occurred 
f a r t h e s t  downstream. The length  of  t h e  jump, a s  t abu la t ed  i n  Column 11, 
i s  t h e  h o r i z o n t a l  d i s t a n c e  from Sec t ions  1 t o  2, Figure 27D. The t a i l  





STILLING BASINS WITH SLOPlNC APMN 
Case 0. Basi;l V 

: q :  : ' 4 1 : D  : : L :  : . . . .  . 
Slope I L1 1 V :Dlaeharge: 1.d :VrloclLy: ~ e A t h  : :Len,qth: : : D 2  K 

Test :of apron: Total : Width :per foot :Ta l l -vntcr :en ler lw:enterI~ :  Td . A: of : L : q :ConJwatc: l W  : I. :ah.pr 
f1-: ran j! :dlscharge:ci' baa1n:oI. baaln : depth : Jmy : Jump : IFl ' : Jump : iSI : D l  : l W  depth : 6; : :lactor 

: cTn . I t  : cfs : f t  : f t / s e c :  rt : : : f t  : 
(1)  1 (2)  : ( 3 )  : (4 )  : (5)  : !6) : (7) : (3 )  : ( 9 )  1 (10) : ( 1 )  2 :  ( 1 ) :  ( )  :(15);(16); (17) 

A : 0.067 : 2.000 : 4.WO : 0.41U : 0.520 : 7 . a  : 0.052 :lU.CC: 0.09 : 2.50 :Lj.W: M.20: 0 k26 :1.22:,i.ll: 2 50 
: 2.250 : : 0.461 : 0.560 : b.G4 : 0.057 : '3.62: 5.97 : 2.90 :5.13: 7.W: 0.450 :1.211:i.h5: 2.50 
: 2 . 5 0  : : 0.5U : O.5d9 : U.26 : 0.062 : 9.50: 5.85 : 3.10 :5.26: 7.85: 0.4% :1.21:5.35: 2.'10 
: 2.750 : : 0.564 : 0.629 : 8.42 : 0.057 : 9.39: 5.73 : 3.30 :5.25: 7.70: 0.516 $1.22: 1.120: 2.h5 
: 1.000 : : O.Gl5 : 0.660 : 8.514 : 0.072 : 9.17: 5.61 : 3.40 :5.15: 7.55: O.5bh :1.21:>.25: 2.45 
: 3.250 : : 0.66b : 0.63. : 8.65 : 0.077 : 9.01: 5.L9 : 3.45 :4.97: 7.110: 0.570 : l  ??:,;.05: 2.50 
: 3.500 : :0.717 : O,7b* : 8.711 :0.052 .9 .07 :  5.?R :3.'fl:4.84:7.20:0.5')0 :?.1:.: .10:2.flO 
: 1.500 :*.35G :0.345 : 0.L7k : 7.57 :0.045 :10.53: 1.37 :2 .40 :5 .~%:8 .60 :0 .187  :1.??:;.20:2.50 
: 2.500 : : 0.575 : 0.642 : 8.k6 : 0.068 : 9.411: 5.72 : 3.20 :u.#: 7.70: 0.5?3 :l.2l4:5.l2: 2.50 
: 3.500 : : 0.905 : 0.792 : 3-85 : 0.091 : 8.73: 5.i7 : 4.00 :5.05: 6.90: 0.62d :1.?0:1.)7: 2.75 . . . . . . .  . . .  

: O.O.j*> : 2.000 : 4.830 : 0.414 : 0.5~50 : 7.91~ : 0.052 :10.77: 6.15 : 2.50 :4.47: 8.20: 0.1426 :l..jl:5.87: 2.0+ 
: 2.500 : : 0.518 : 0.552 : 7.97 : C.65 :10.03: 5.51 : 3.60 :5.5?: 7.L5: 0.4m :1.35:7.16!*: 2.26 
: 3.W : : 0.621 : 0.7k5 : 6.26 : 0 . 4 5  : 9.93: 5.33 : 3.20 :4.30: 7.10: 0.532 :1.40:;.01: 2.40 
: 3.500 : : 0.725 : 0.835 : 8.53 : 0.085 : 9.82: 5.15 : 3.60 :1~.31: '5.90: 0.586 :1 b2:6.15: 2.50 
: 4.000 : : 0.828 : 0 . s O  : 8.63 : 0.096 : 9.79: 4.90 : 4.00 :4.26: 6.50: 0.524 :1.51:&.Ll: 2.75 . . . . . . .  . . .  

: 0.1 35 : 2 . W  : 4.810 : 0.416 : 0.620 : 5.97 : 0.060 :iO.33: 4.93 : 2.50 : I L . ~ :  6.60: 0.396 :1.56:6.32: 2.15 
: 2.500 : : 0.520 : 0.710 : 7.54 : 0.069 :10.29: 5.06 : 3.00 :8.2i: ,5.75: 0.46L :1.5:!:ci.?*: 2.07 
: J.OOO : : 0.624 : o.dg5 : 7.80 : 0.080 :lO.CYi: 4.,% : 3.23 :3.97: 5-40: 0.512 :1.57:'1.?5: 2.15 
: 3.500 : : 0.728 : 0.905 : 8.09 :0.09Q :lO.CYi: 4.75 : 3 . 6 O : l . N :  6.30: 0.567 :1.60:6.31+: 2.22 
: 4 . 0 0 0  : : 0.832 : 0.995 : 8.58 : 0 . w  :ro.r5: b.85 : 3.90 : 3 . % :  5.40: 0.621 :1.59:<..?8: ?.I? . . . . . . .  . . .  

: ?.I52 : i .5W : '1.350 : 0.345 : 0.540 : 5.27 : 0.055 : 1.82: b.71 : 2.10 :3.89: 5.20: 0.341 :l.5R:!i.l6: 1.92 
: 2 . 0 0 0  : :O.L60 : 0.563 : 6.76 :O.oi& :7.75: 4.57 :2.55:3.85:G.lo:o.L15 :1.c,0:6.15:2.00 
: 2.500 : : 0.575 : 0.790 : 7.57 : C 37" :10.39: 4.34 : 3.1C :3.92: 6.115: O.hW :1.61:6.3?: 2.00 
: ].LBO : : 0.690 : 0.973 : 7.57 : 0.053 :l0.00: L.50 : 3.40 :3.78: 6.00: 0.5liO :!.67:6.30: 2 10 . . . . . . .  . . . 

: c.las : 1.500 : 1.350 : 0.345 : 0.m : 6.05 : 0.05-7 :lr.Sl: 4.ir7 : 2.15 :3.58: 5.40: o.??? ::.1~:6.50: 1 ~ 3  
: 2.COO : : 0.460 : 0.720 : 5.57 : 0.070 :'.(.2'3: 4.38 : 2.60 :3.61: 5.80: 0.li0h :l 77:S.bO: 1.83 
: 2.500 : : 0.575 : O.&O : 7.01 : 0.092 :10.2+: 4.31 : 1.00 :1.57: 5.70: 0.467 :1.Y0:6.1~?: 1.95 . . . . . . . . . . 

: 0.218 : 1.750 : '1,350 : 0.402 : 0.700 : 9.W : 0 . a 7  :10.45: 4.08 : 2.30 :3.27: 5 . k ~ :  0.765 :1.9:6.30: 1.70 
: 2.250 : : 0.517 : 0.862 : 6.63 : 0.078 :11.05: 4.19 : 2.70 :3.13: 5.55: 0.h39 :1.99:6.2b: 1.73 . . . . . . .  . . . 

: 0.260 : 1.250 : 4.350 : 0.287 : 0.620 : 4.70 : 0.M1 :10.16: ?.j5 : 1.60 :2.58: 11.25: 0.259 :2 713:1.18: l.Ib*. 
: 1.500 : : 0.3" : 0.675 : 4.79 : 0.077 : 9.38: 3.15 : 1.80 :2.67: L.05: 0.292 :2.71:5 17: 1.114 
: 1.750 : : O.sM : 0.752 : 4.79 : 0 . m  : 8.95: 2.91 : 1.95 :2.59: 3 70: 0.311 :2~1*2:5.27: 1.M . . . . . . . . . .  

B : 0.052 : 1.000 : 2 . W  : 0.500 : 0.855 : 17.2L : 0.029 :29.:8: 17.85 : L.10 :&.79:2*.75: 0.718 :I 19:5.71: 2.94 
: 1.500 : : 0.750 : 1.010 : 15.30 : 0.045 :21.%: 13.bO : 5.10 :5.05:18.45: 0.8L9 :!.19:'-r.01: 7.00 
: 2.000 : : 1.000 : 1.160 : 16.39 : 0.C61 :l9.U2: 11.69 : 6.10 :5.26:1!,410: 0.92 :1.18:,.21: 2.78 
: 2 . 5 ~ )  : : 1.250 : 1.300 : 17.12 : 0.073 :17.81: 11.16 : 6.50 :5.00:15.35: 1.121 :l.lh:5.80: 2.k5 
: 3.00-2 : : 1.500 : 1.426 : 17.05 : 0 . W  :16.20: 10.13 : 7.50 :5.26:1?.85: 1.218 :1.17:5.15: 2.70 
: 3.500 : : 1.750 : 1.570 : 17-16 ! 0.102 :15.39: FA6 : 8.00 :5.10:12.95: 1.321 :1 19:.. .&: 2.40 
: 4.m : : 2.000 : 1.693 : 17.09 : 0.117 :l&.47: 8.80 : 8.30 :5.26:12.10: 1.b16 :1.20:5.28: 2 . 9  
: 4.500 : : 2.250 : 1.313 : 17.05 : 0.132 :13.73: 8.27 : 9.60 :5.25:11.!0: 1.492 :1.22:6.L4: j"10 
: 5.000 : : 2.500 : 1.920 : 17.01 : 0.147 :13.06: 7.82 : 9 . h  :5.lO:lc.60: 1.558 :1.23:6.29: 3.70 
: 5.500 : : 2.750 : 2.020 : 17.03 : 0.161 :12.55: 7.50 :10.50 :5.20:10.2i): 1.642 :1.23.b>.W: 3.20 
: 6.003 : : 3.000 : ?.la0 : 16.95 : 0.177 :11.92: 7.10 :11.00 :5.21: 9.65: 1.7@ :1.2!*:2.&*: 3 . 5 1  . . . . . . . . , . 

:0 .102 : 1 . 0 0 0 :  : 0.5W : O.¶O : 15.63 : 0.032 :30.31: 15.CO : 4.20 :L.33:21.25: 0.680 :l.L2:6.17: 2.51 
: 1.500 : : 0.750 : 1.180 : 15.63 : 0.448 :28.58: 12.57 : 5 .20  :L.41:17.!0: 0.830 :l.i2:5.27: 2.50 
: 2.000 : :'1.000 : 1.3% : 15.87 : 0 . 6 3  :21.49: 11.14 :6.10:11.51:15.35:0.$67 :l.h0:6.3?:2.'1L 
: 2.500 : : 1.250 : 1 - 9 3  : 16.23 : 0.077 :20.&: 10.30 : 6.80 :4.40:14.15: I.&? :1.4?:6.2k: 2.50 
: 3.000 : : 1.500 : 1.724 : 16.48 : 0.W. :18.95: 9.63 : 7.60 :4.hl:lj.X): 1.200 :l.L4:'7.34: 2.56 
: 3.000 : : 1.500 : 1.720 : 16.30 : 0.097 :18.70: 9.b7 : 7.50 :i1.36:12.95: 1.191 :l.ki.:';.?O: 2.58 
: 3.5M : : 1.750 : 1.890 : 15.36 : 0.107 :17.66: 8 . a  : 8.20 :11.31,:l2.10: 1.29: :1.L6:4.14: 2.75 
: 4.000 : : 2.000 : 2.W0 : 16.53 : 3.121 :16.?4: 0.37 : 8.W :k . , l :? i . l~O:  1.179 :1.kH:5.38: 2.72 
: h.500 : 2.250 : 2.152 : 1 6 ~ 2  : 0.137 :15.71: 7.82 : 9.40 :4.37:10.60: 1.452 : I .b8:6.h/:  2.70 
: 5 . W  : : 2.500 : 2.300 : 15.45 : 0.153 :15.13: 7.4h :?C.00 :4.jb:10.10: 1.536 :1.50:5.51: 2.75 
: 5.500 : : 2.750 : t.i.50 : 15.13 : 0.170 : l L . b l :  6.91 :10.60 :h.33: Q.35: 1.590 :1.54:5.57: 2 35 



STILLING BISINS UZR(. SIDPWO APRON 
Case D, &sin V 

. . .  . . .  : q :  : V1 : D l  : : . . 
9 .  

: Slope : a : W :Dlschar~e: 'IV :Velocity: Depth : : :Lsn(lth: : : D 2  K 
Teat :of apron: Tot.1 : Width :per foot :Tall-water:entering:Cntsring: l W  Of L :ConJu(lato: lW : L :3hpe 
fl-: tnn iJ :di~~h~ge:or a.i.:or asin : depth : ~vnp : Jump : 6: jh - 2; JW ; W i 8 :N depth : lE : 6 :hetor 

: C ~ S  : rt : : rt : rt/mec : ft : t :  : r t : .  * 
(1) I (2) : (3) : ( )  : (5) : (6) : (7) : (8) : (9) I (10) : ( 1 )  (2): 3 :  4 :(15);(16)1 1171 

. . .  . . .  : q :  : V1 : Dl : . . . . 
: Slcpe  : P : W :Dischnrge: Td :Velocity: Depth : : :Lcmth: : : % : :  : K  

Test :of npron: Total : Width :per foot :Tail-vater:entering:enteriw: IY of : L : 4 :ConJugnte: Td : L :3h.pe 
flume: trn 6 :discbarge:of busin:of basin : depth : Jump : Jump : - 3; Jump : : :IY depth : .factor 
(1) : (2) : cls : ft : c : fL  : f t  : ft : 9 : 1 : t. : : l  : t :(2):(3)1 (17) 

: 3 : ( 1 4 )  : (5) : (6) : (7) : (8) : : (11) : : :(lL) : : : . . . .  B : 0.16'3 : 2.003 : 2.000 : 1.000 : 1.537 : 15.3U : 0.065 :2 .65: 10.b4 : b.10:3.97:14.65: 0. 52 .1.61.6.41. L.W 
: 2.500 : : 1.250 : 1.737 : 14.80 : 0.684 : 2 . 68 :  9.05 : 6.90:3.97:12.40: 1.$2 :1.67:6.62: 1.95 
: 3.000 : : 1.500 : 1.940 : 14.71 : 0.102 :19.02: 8.11 : 7.50:3.86:11.05: 1.128 :1.72:6.4: 2.02 
: 3.500 : : 1.750 : 2.U0 : 14.83 : 0.118 :17.97: 7.61 : 8.20:3.81:10.30: 1.215 :1.7L:6.75: 2.03 
: 4.000 : : 2.000 : 2.270 : 15.W : 0.133 :17.07: 7.27 : 8.70:3.83: 9.85: 1.310 :1.73:6.6;4: 2.01 
: 4.503 : : 2.250 : 2.W0 : 14.90 : 0.151 :16.03: 6.75 : 9.2Q:3.80: 9.10: 1.374 :1.76:6.70: 2.08 
: 5.COO : : 2.500 : 2.590 : 14.M : 0.168 :15.'12: 6.39 : 9.70:3.74: 8.65: 1.454 :1.78:6.67: 2.08 
: 5.500 : : 2.750 : 2.750 : 14.M : 0.185 :14.86: 6.09 : 10.20:3.71: 8.20: 1.517 :1.81:6.73: 2.10 . . .  . . .  : : :  

: 0.213 : 2.000 : : 1.000 : 1.750 : 13.33 : 0.075 :23.33: 8.60 : 6.00:3.43:11.75: 0 . W  :1.99:6.81: 1.71 
: 2.500 : : 1.250 : 2.000 : 13.59 : 0.092 :21.74: 7.89 : 6.60:3.30:10 70: 0.931 :2.03:6.71: 1.76 
: 3.000 : : 1.500 : 2.150 : 13.51 : 0.111 :19.37: 7.15 : 7.30:3.40: 9.70: 1 . W  :2.0:6.70: 1.73 
: 3.503 : : 1.750 : 2.370 : 13.57 : 0.129 :18.37: 6.65 : 8.00:3.38: 9.00: 1.161 :2.&:6.89: 1.76 
: 4.000 : :2.000 : 2.600 :13.51 :0.148 :17.57: 6.19 : 8.30:3.19:8.35:1.236 :2.10:6.71: 1.79 
: 4.500 : : 2.250 : 2.720 : 13.55 : 0.166 :16.39: 5.86 : 9.10:3.34: 7.85: 1.303 :2.~:5.98: 1.70 
: 5.OCO : : 2.500 : 2.890 : 13-59 : 0.184 :15.71: 5.58 : 9.h3.32: 7.50: 1.380 :2.~:6.%: 1.79 
: 5.5W : : 2.750 : 3.100 : 13-51 : 0.203 :15.27: 5.30 : 10.00:3.22: 7.10: 1.441 :2.15:6.94: 1.81 



- ,  
Lhc ,jump, corresponding t o  t h e  depth a t  Sec t ion  2 on F i ~ u r e  27D. 

The r r t i o  (Colunn 3, Table  6)  i s  p l o t t e d  wich r e spec t  t o  
U 

t h e  Froude number ( ~ o f u n n  1.0) f o r  s l o p i n c  aprons having tangents  of 0 t n  
3.30 on Figure 28. Superimposed on Figure  28 arc d a t a  from Kindsvat,er, - :I/ 

Hickox, 5/  Bahk:i~eteff, L/ and iklutzke .6/ The agreement i s  wi th in  exper i -  
mental eyror .  'The m a l l  e h c r t  on thewr ight  of Figure 28 shows t h e  r a t i o  
of' t a i l  water depth, f o r  a continuous s lop ing  apron, t o  corijugate depth, 
for  a ho r i zon ta l  apron, f o r  var ious s lopes .  For example, i f  t h c  tangent, 
o r  t h e  s lope  i s  0.10, a t , a i l  water depth equal  t o  1 . 4  tirnes t h e  con,!u~ate  
depth w i l l  occur a t  t h e  end of t h c  jump; while  i f  t h e  s lope  of  t h e  f l o o r  
is  0.30, the  t a i l  water depth :>t thr: cnd of t h e  jump w i l l  be 2.8 t imes 
t h e  con,jugate depth requi red  f o r  a h o r i z o n t c l  apron. The conjugnte 
depth ,  D2, r e f e r r e d  t o  here ,  i s  l i s t e d  i n  Colurnn 14, Table 6 f o r  each 
run,  and was computed by assuning t h a t  t hc  hydraul ic  juqp forms on n 
hor i zon ta l  f l o o r  which begins a t  Sec t ion  1. The imaginary h o r i z o n t a l  
f l c o r  is iridicated by t h e  dash l i n e  on Fi'gurc 27D. The conjugate  depth, 
D2, a r r i v e d  a t  i n  t h i s  mcnncr, i s  merely a r e fe rence  figure vhich w i l l  
be used f r equen t ly  throughout t h i s  d i scuss ion .  It was obta ined  by 
e n t e r i n g  t h e  curve f o r  zero s lope  on F i ~ u r e  28 with t h e  var ious  values 
of t h ~  Froude number l i s t e d  i n  ColUnn 10, and. reading  o f f  values of D2 
which a r e  t abu la t ed  i n  Column 13. Values of  D2 were then obtained ai: 
by n u l t i p l y i n g  t h e  values i n  Colw~ln 13  by t h e  va lues  i n  Colurm 8. 

Length of Jump (Case D)  

The length  of  .jump f o r  t h e  Case D experiments has been pre-  
s en t r~d  i n  two ways. F i r s t ,  t h e  r ak io  length  of jump t o  t a i l  wuter 
depth,  Colu3n 12, was p l o t t e d  wi th  r e spec t  t o  t h e  Froudc number on 
Figure 29 for  s lop ine  aprons having tnngents  f ron  C t o  0.25. Secondly, 
;,he r a t i o  of length  of jump t o  t h e  coc,iugate t a i l  ,rater deptn,  Column 16, 
Table 6, has been p l o t t e d  v i t i l  respec t  t o  t he  Froude nurrbcr f o r  t h e  same 
range of s lopes  on F i ~ u r e  30. klthouch not ev ident  on F igure  29, it can 
be seen from Figure 30 t h a t  t h e  length  of ,jmp on a s lop ing  apron is  
longer  than t h a t  which occurs on a ho r i zon ta l  f l o o r .  For example, f o r  a 

T 
L 

Froudc number of 8, t h e  r c t i o  32 va r i e s  from 5.1, f o r  a ho r i zon ta l  a?ron, 
tn  7.0, f o r  an ap:.on wi th  a s lope  o f  0.25. Length de termina t ions  from 
Kindsvater 5 j  f o r  a s lope  of 0.167 a r e  a l s o  p l o t t e d  on Figure  29. The 
po in t s  show-a wide spread. . 

Expression fo r  Jump on S l o ~ i n g  Apron (case D) 

Severa l  mathematicians and experimenters have developed 
cxprensions f o r  t h e  hydraul ic  jump on s lop ing  aprons, - 2j $1 6/ G/ so  









presented by Kindsvater 21 i s  t h e  more conirnon and perhaps the  more 
p r a c t i c a l  t o  use. 

All symbols have been refer red  t o  previously, except f o r  t h e  c o e f f i c i e n t  
K, a dimensionless parameter c a l l e d  the  shape f a c t o r ,  which va r ies  with 
t h e  Froude number and t h e  slope o f  the apron. Kindsvater and Hickox 
evaiuated t h i s  coe f f i c ien t  from t h e  p r o f i l e  of t h e  jump and t h e  measured 
f loor  pressures. Surface p r o f i l e s  and pressures  were not measured i n  t h e  
current  t e s t s  but ,  a s  a matter of i n t e r e s t ,  K was computed from 
Sxpression 5 by s u b s t i t u t i n g  experimental values and solving f o r  K. The 
resu1t;ing values of K a r e  l i s t e d  i n  Column 17 of Table 6, and a r e  shown 
p lo t t ed  with respec t  t o  t h e  Froude number f o r  t h e  various slopes on 
Figure  3lA. Superimposed on Figure 31A a r e  data  from Kindsvater f o r  a 
s lope of 0.167, and data  from Hickox on a slope of 0.333. The agreement 
is not p a r t i c u l a r l y  s t r i k i n g  nor do t h e  point  p lo t  w e l l ,  but it should be 
remembered t h a t  t h e  value K i s  dependent on the  method used f o r  determining 
the  ler,@h of jump. The current experiments ind ica te  t h a t  the  Froude 
cum':lcr h a s  l i t t l e  e f f e c t  on the value of K. Assumin3 t h i s  t o  be t h e  case 
va lues  of individual  points  f o r  each s lope  were averaged and K i s  shown 
3 l c t t e d  w i t h  r e spec t  t o  t a n  $ on F i ~ u r e  31E. This phase i s  Incidenta l  
t o  t h e  s t u d y  at hand and has been discussed only as  a matter of record. 

. iuix~ Chcracter ia t ics  (case E)  

Case E i s  the  one usua1.l.y encountered i n  s loping apron design 
w!:t?rrl :he . 'u.n~ fgrrns both on the slope and over the hor izonta l  por t ion  
3f t h r  apron (Figure 2 7 ~ ) .  Although t h i s  fo rn  of .'unp may appear qu i t e  
:?n:plicated, it can be rezd i ly  analyzed when approached frorn a p r a c t i c a l  
:;:,andpoint. The primary concern i n  s loping apron design is  the  t c i l  

v .,,ltcr .- r',cpti? required t o  move the f ron t  of t h e  jurn~ up the slope t o  
S ~ c t i c n  1, Figure 273. There is l i t t l e  t o  bc gained by a sloping apron 
u n l e s s  t h e  e n t i r e  length of the sloping por t ion is u t i l i z e d .  

32ferr ing t o  t h e  sketches on Figure 32A, it can be ~ b s e r v e d  t h a t  
r'or z ::tat; water equal t o  the  conjugate depth, D2, ",he f ron t  of t h e  Jump 
t r i  :l orr: i r  at, r point  0, a short. d i s t a ~ c e  up the  s lope .  This d is tance  is  
n o ~ e c i  a:; 1, and var ies  w i t h  the iiegree of  slope. If t h e  t a i l  water depth 
i:; incressed a v e r t i c a l  iscrement, AYl, it would be reasonable t o  asswe 
t h a t  che f ront  of the  jump would r a i s e  a corresponding i n c r e ~ e n t .  This 
is  not  t r u e ,  the  jump p r o f i l e  undergoes an imedia te  change as t h e  slope 
becozes part of t h e  s t i l l i n g  basin.  Thus, f o r  an increase  in  ta i l  water 
dept?,, AY1, t h e  f r o n t  of t h e  jump moves up t h e  slope t o  Point 1, o r  
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t h e  t a i l  water  depth a second Ikcrernent, s ay  A Y2, t h e  sane Gffec t  o c c u r s -  
t o  a  l e s s e r  degree, moving t h e  f r o n t  o f  t h e  jump t o  Poin t  2. Addi t iona l  
increments of t a i l  water  depth produce t h e  same e f f e c t  bu t  t o  a. s t i l l  
l e s s e r  degree, and t h i s  cont inues u n t i l  t h e  t a i l  water  depth a.ppronches 
1.3D2. For t a i l  water  depths q reh te r  than  t h i s  amount, t h e  r e l a t i o n  
is  geometric;  an i ~ c r e a s e  i n  t a i l  water depth, A Y I ~ ,  ,moves t h e  f r o n t  of 
t h e  jump up t h e  s lope  an equal  v e r t i c a l  d i s t a n c e  A Y 4 ,  from Poin t  3 t o  h .  

From the  above d iscuss ion ,  it i s  ev ident  t h a t  t h e  change i n  
p r o f i l e  produced by al lowing t h e  jump t o  move onto t h e  s lope  i s  very  
much i n  favor  of  t h e  designer .  Should t h e  s lope  be very f l a t ,  a s  i n  
Figure 32B) t h e  h o r i z o n t a l  rnovernent of t h e  f r o n t  o f  t h e  jump i s  even 
more pronounced. The fo l lowing  s t u d i e s  were made t o  d e f i n i t e l y  t a b u l a t e  
t h e  c h a r a c t e r i s t i c s  descr ibed above f o r  cond i t i ons  encountered i n  design.  
IT has  been necessary i n  t h e  past t o  check p r z c t i c a l l y  a l l  s l op ing  cpron 
dcsigns by model s t u d i e s  t o  be c e r t a i n  t h a t  t h e  e n t i r e  s lop ing  p o r t i o n  
of t h e  apron w a s  u t i l i z e d .  

Experimental Resu i t s  ( ca se  B) 

The experiments f o r  determining t h e  magnitude of  t h e  above 
mentione6 c h a r a c t e r i s t i c s  were c a r r i e d  out  on a  l a r g e  s c a l e  i n  Flu~ntz D, 
and t h e  r e s u l t s  are recorded i n  Table 7. k s lop ing  f l o o r  was placed i n  
the flurne a s  i n  F igure  27B. A d ischarge  was e s t a b l i s h e d  (~o l tunn  3, 
Table 7) and t h e  depth of  flow, Dl (column 6 )  was measured immediately 
upstreev from t h e  f r o n t  of  t h e  jump i n  each in s t ance .  The v e l o c i t y  
e n t e r i n g  t h e  jump, V 1 ,  (column 7) and t h e  Froude ntunber ( ~ o l u n n  8) were 
computed. Enter ing  Figure 28 wi th  t h e  computed va lues  of F l ,  t h e  r a t i o  

D2 ( ~ o l w n n  9 )  was obta ined  from t h e  l i n e  lnbe l l cd  "Horizontal  apron." m 
Xul t ip ly ing  t h i s  r a t i o  by  D l  r e s u l t s  i n  t h e  conjugate  dcpth f o r  a  h o r i -  
zon tz l  apron which is  l i s t e d  i n  Colun?n 10 of Table 7. The t a i l  water  
was then  s e t  at  conjugate  depth ( p o i n t  0,  F i m r e  32) and t h e  d i s tnnce ,  
lo, measured end t abu la t ed .  The d i s t a n c e  lo gives  t h e  p o s i t i o n  o f  t h e  
f ron t  of  t h e  ,jump cn t h e  s lope ,  measured from t h e  break  i n  s lope ,  f o r  
con,jucate depth. The t a i l  water w a s  then  increased ,  zovinc  t h e  f r o n t  of  
t h e  jw.p up t o  Poin t  1, Figure  32. Both t h e  distanlce l1 and the t a i l  
water depth were measured, pnd these  a r e  recorded i n  Columls 3.1 and 12, 
x s p e c t i v e l y  of Table 7. The t a i l  v a t e r  was then  r a i s e d ,  ~ o v i n g  t h e  
f r o n t  of t h e  jlmp t o  Point  2 v h i l e  t h e  l eng th  13 ond thc %ciL wat,er 
depth were recorded. The sane procedure was repeated u n t i l  t h e  e n t i r e  
apron was u t i l i z e d  by t h e  j u ~ p .  I n  each case ,  Dl Itran mcasured i~mediatcly 
ups t rean  f ron  t h e  f r o n t  of thr - .  jump, t hus  conpensat inn f o r  f r i c t t o n a l  
r e s i s t a n c e  on t h e  s lope .  The vel.ocity, V1, t l ~ d  t h e  Froudc nurnber were 
computed a t  t h e  same l o c a t i o n .  The t e s t s  were mcdc f o r  s lopes  with 
t angents  varying from 0.05 t o  0.30, and i n  some cases ,  severe1  l e n g t h s  of 
f l o o r  werc used f o r  each s lope ,  a s  i nd ica t ed  i n  Column 1 5  07 Tcble 7. 
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:cn;iu.;ate d ~ p t h ,  a r e  shown i n  Colums 13 and 14  of  Table 7, and these  
vrilue:; have  beer, plot1;ed on Fi,c;ure 33. The hor izonta l .  l eng th  has been 
usc4 r e t h c r  thcn  t h e  vert,icr*l d i s t ance ,  A Y ,  2s the forrner dimension i s  
zorc c ~ n v e n i e n t  f o r  use.  Figure 33 shows t h R t  t h e  s t r a i g h t  l i n e s  f o r  
1;hc !:eo:~etric po r t ion  of' t h e  sraph tend t o  i n t e r s e c t  a t  a common p o i n t ,  

= 1 nzd = 1?.3P. The change i n  t h c  p r o f i l e  of  t h e  jump as it moves 
D2 
f r o n  s b r i z o n t a l  f l o o r  t o  t h e  s lope  i s  evidenced by t h e  curved p o r t i o n  
of th- l i n e s .  

Case C ,  F igure  27, is t h c  upper extreme of  Case B; and a s  
thcrc  i; p r n c t i c a l l y  no d i f f e r e n c e  i n  t h e  performance f o r  Cases D and C ,  
d a t a  fcr  Case D ( ~ z b l e  5 )  can again be u t i l i z e d .  By assuming t h a t  a 
h9ricont::l f l o o r  begins at  t h e  end of  t h e  junp i n  Case D, Columns 15  and 
16 o f  'Table 6 can be p l o t t e d  on F igure  33. I n  addi t ion ,  d a t a  from 
exper incnts  by D. D. Rindlaub of t h e  Univers i ty  of  Ca l i fo rn i a ,  f o r  a 
s lope  of 0.217, have been p l o t t e d  on Figure 33. The agreement of  t h e  
~ r , f o r : ~ a t i o ~  f r o x  t h e  t h r e e  sources i s  very s a t i s f a c t o r y .  

Len@h of  Jump (case  B )  

It is suggested t h a t  t h e  l eng th  of  ,jump f o r  Case I3 be obta ined  
frorr, Y l u r e  30. Actual ly,  F i cu re  30 is  f o r  continuous s lop ing  aprons, 
' p u t  these l engths  can be app l i ed  t o  Case B wi th  bu t  n e g l i g i b l e  e r r o r .  
I n  sornr. cases  t h e  lcngth  of jump is  not  of  p a r t i c u l a r  concern because it 
may n o t  he economically poss ib l e  t o  design t h e  b a s i n  t o  confine t h e  e n t i r e  
jump. This  is e s p e c i a l l y  t r u e  when s lop ing  aprons a r e  used i n  conjunct ion 
with rnediu~l or. high concre te  o v e r f a l l  darns where t h e  rock i n  t h e  r i v e r  bed 
i s  i n  fairly sood condi t ion .  \/hen s lop ing  aprons a r e  designed s h o r t e r  than 
? h e  l e n g t h  i nd ica t ed  on Figure 30, t h e  rock i n  t h e  r i v e r  downstream must 
a c t  zz pzrL of t h e  s t i l l i n g  bas in .  On t h e  o t h e r  hand, when t h e  q u a l i t y  
of foundat,ion ma te r i a l  i s  ques t ionable ,  it is  advisable  t o  makc t h e  apron 
s u f f i c i e n t l y  l c ? ~  t o  conf ine  t h e  e n t i r e  jump, F igure  30. 

7-, zxi  st i n g  S t r u c t u r e s  

To determine t h e  p r a c t i c a l  value of  t he  methods given far  t h e  
dt.::i,-,:; 3f' s loping  aprons, e x i s t i n g  b a s i n s  employing sloping: aprons were, 
I f i  e f f e c t ,  r e d e s i m e d  using t h e  c u r r e n t  experimental  information. Per-  
t i n e n t  datn f o r  1 3  ex i sc ing  sp i l lways  a r e  t a b u l a t e d  i n  Table  8. The 
slope of thc  sp i l lway f a c e  is  l i s t e d  i n  Column 3; t h e  t v l ~ e n t  of t h e  
s lop ing  s t i l l i n g  bas in  apron i s  l i s ted  i n  Column 4; t h e  e l e v a t i o n  o f  
th13 upstrewn end of t h e  apron, o r  f r o n t  o f  t h e  j m p ,  i s  l i s t e d  i n  
Colxn? 7 ;  t h e  e l e v a t i o n  o f  t h e  end o f  t h e  apron i s  l is ted i n  Column 8; 
t h e  f a l l  f r o n  headwater t o  upstream end o f  apron is t a b u l a t e d  i n  Column 
and t h e  t o t a l  d.isctlarge i s  shown i n  Column 11. Where o u t l e t s  d i scharge  
i n t o  the  sp i l lway s t i l l i n g  bas in ,  t h a t  d i scharge  has a l s o  been included 
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W d e n  : % :O.gl : 87 : L18 : 625 : 7.18 : 5 . 7 2 :  7.70 : 55.3 : 2.57 : l . ) Y :  5.90 : .39 
Folsom : 1bC : 0.55 : 133 : 212 : 1033 : 7.75 : B.bL : l l . k I  : 88.9 : 1.99 :I.= : 5-50 $ : -56 
Olympus : 57 : 0 . %  : 54 : 120 : 167 : 3.09 : 5 . L l :  7.3C : 22.6 : 2.15 :1.15: 5.86 : 155 : -59 
Capilano : 135 : 0.37 : 117 : 8c : 9 : 1.60 : 9.62 : 13.10 : 50.3 : 2.12 :1.23: 5.65 : 384 : -61 
Rltand : 117 :O.y2 : ICO : 6% : 665 : 6.34 : 7.55 : 10.25 : 55.0 : 5 . 0 0  :1.15: 6.30 : b13 : .62 
Friurt : :33 : ~ . a l  : la 0 : 2 : 2.53 : 11.9 : 16.45 : 41.6 : 2.33 :1.14 : 5.40 : 266 : -83 
Keswick : 62 : 1 . W  : 59 : 2LS : 1 & 2  : 1 5 . 1 ~ _  : 3 . Q :  4.00 : 60.6 : 1.73 :O.$: 5.15 : 0 : -39 
Dlckl nson : s.. : - : 32 : : 1 : L . b  : 1 3.15 : 16.8 : 3.66 :1.37: 5.36 : : -79 

Averrgc 0.60 



Columr. 1 4 :  t h e  length  of t h e  h o r i z o n t a l  po r t ion  of  t h e  apron is  :;ivcn i n  
Colwnr~ 15; and t h c  over -a l l  l ength  i s  eiven i n  Colunn 15. Column,.; 17 
through 27 a r e  computations s in i i la r  Co those  performed i n  t h e  previous 
t z b l c  . 

Ths l o v e r  po r t ion  of  t h e  curves of F igure  33 have becn repro-  
duced t.o a larger.  s c a l e  on Firr;urc 311. The covrdina.tcs frorn Columns 26 
and 27 of Table 8 kave been p l o t t e d  on Figure 311 f o r  each of  t h c  1 3  
sp i l lways .  Cross s c c t i o n s  of t h e  bas ins  a r e  shown on Figures  35 and 36. 
Takinr; t h e  s t i l l i n g  bas ins  i n  t h e  o rde r  shown on Figure  34, we f i n d  t h a t  
t h e  bas in  apron is not corr.plctcly u t i l i z e d  f o r  t h e  maximum discharge  
condi t ion  a t  t h e  Shabta Darn. Th i s  d i scharec  inc ludes  both sp i l lway and 
outlet works. Thc t a i l  water  depth is  more than  s u f f i c i e n t  Tor t h e  ,jump 
t o  u t i l i x e  the e n t i r e  s t i l l i n g  bas in  apron at Ccpilnno Dam; and t h e  f u l l  
apron 1cnC;th i s  u t i l i z e d  a t  F r i a n t ,  Madden and Norr is  Dam sp i l lways .  
The e n t i r ~  aprorl l ength  w i l l  not be u t i l i z e d  f o r  t h e  maximum diochcrge 
a t  Cenyon Fer ry  Dani. I n  t h i s  casc t h e  apron w e s  d-signed f o r  o discharye  
of' 200,000 c f s  but, t h e  s t i l l i n g  bas in  w i l l  ope ra t e  a?, 250,000 c f s  without 
sweepine out .  iieswicl; shows 3 def ic iency  i n  t a i l  wafer depth f o r  u t i l - i -  
7a t ion  of  t h e  e ~ t i r e  apron, but; t h i s  is  co:npensated f o r ,  t o  some e x t e n t ,  
by l a r g e  spreader  t e e t h  a t  the  upstream end of t h e  apron. For t h e  pre-  
lirninarjr and f i n a l  bas in  des igns  f o r  t h e  Ehakra Dam sp i l lway,  both 
u t i l i z c  p r a c t i c a l l y  t h e  f u l l  l e n ~ t h  o f  apron. Thc Junp w i l l  no t  occupy 
tne f u l l  l ength  of n?ron f o r  maximu? d i scha rce  on Olympus, Folsom, o r  
Z?ihend Darn sp i l lways .  The models of  t h e  lat ter two s t r u c t u r e s  zcLually 
showed t h i s  t o  be  t r u e .  Thc f u l l  l c n l ~ t h  of apron w i l l  be u t i l i z e d  by 
the  j m p  f o r  t h e  s t i l l i n c  b a s i : ~  a t  Dickinson D a n .  Th i s  was an e a r t h  
darn sp i l lway i n  which appurtenances were use2 i n  t h r  bas in .  

A l l  o f  t h e  s t r u c t u r e s  l i s t e d  i n  Table 8 and shown on F izu res  35 
2nd 36 were designed with t h e  a i d  o f  nodel s tud ie s .  Thc degree of 
conservat ism ~iser!  i n  each casc  trns dependent on l o c a l  cond i t i ons  and t h e  
ind iv idunl  des igner .  

The t o t a l  l eng ths  of apron provided f o r  t h e  above 13  cx is ' i inc  
s t r u c t u r c s  a r c  shown i n  Colc:!!n 16 of  Table @. The l e n ~ t h  o f  Jump f o r  
t h e  maximum discharge  condition f o r  each case  i s  t a b u l a t e d  i n  Column 25 
of t h e  same t a b l e .  The r a t i o  of  t o i z l .  len@h f ~ f  apron t o  len@h of jump 
is shown i n  Column 30. Thc t o t : ~ l  cpron l%nrt t i~ rclngeq f r o 9  39 t o  83 
percent  of  t h e  length  of ,"lunp; -2:' coris ider in& t h e  1: s t r u c t u r e s  
c o l l e c t i v e l y ,  t h e  averngc total. ic::::'lh oi' aprm is 60 percent  o f  t h e  
length  of  t h e  jump. 









A convincing a rpment ,  quoted by t he  laboratory in  the  pas t ,  
has been t ha t  sloping aprons should be constructed i n  such a way t h a t  t he  
jump hei&ht curve matches the  t a i l  water curve f o r  a l l  discharge condi- 
t ions .  This procedure r e s u l t s  in what has been designated a tailor-made 
basin.  Some of the  ex i s t i n& basins shown on Figures 35 and 36 were 
designed i n  t h i s  manner. I n  l i g h t  of t he  current  experiments, it was 
discovered t h a t  t h i s  course i s  not t h e  12ost des i rable  approach. Instead,  
matching t he  jump height curve with the  z a i l  water curve shauld be e 
secondary consideration, except f o r  t he  maximum discharge condition. 

Thus the f i r s t  consideration i n  design i s  t o  determine the  
apron slope t h a t  w i l l  involve the  minimum amount of excavation, the  
minimum anount of concrete, or  both, f o r  t h e  maximum discharge and t a i l  
water condition. It is f e l t  t h a t  t h i s  i s  t he  prime consideration. Only 
then is  the jump height checked t o  determine whether the  t a i l  water depth 
is  adequate f o r  the  intermediate discharges. It w i l l  be found t h a t  the  
t a i l  water depth usual ly  exceeds t he  required jump height f o r  the  i n t e r -  
~ e d i a t e  discharges. This may r e s u l t  i n  a s l i g h t l y  submerged condition 
f o r  intermediate discharges, but t h i s  i s  usual ly  very acceptable operation. 
Should the reverse be t r ue ,  the  t a i l  water depth is insuf f ic ien t  f o r  
intermediate flows, it may be necessary t o  drop t he  s loping por t ion of 
t h e  apron, change the  slope, use a horizontal  basin, o r  no change may be 
necessary so  long a s  t he  basin i s  adequate f o r  the  most adverse interme- 
d i a to  flow. I n  o ther  words, it is  not  necessary f o r  the  f ron t  of the  
jUmF t o  form a t  the  upstream end of t h e  sloping apron f o r  intermediate 
discharges provided t he  t a i l  water depth and length of basin a re  considered 
adequate. This method of a t t ack  leaves t he  designer f r e e  t o  choose any 
reasonable s l o ~ e  he des i res ,  a s  the  t e s t s  showed t h a t  t he  slope of t he  
apron had l i t t l e  e f f e c t  on the  effectiveness of t he  s t i l l i n g  basin action.  

It i s  not poss ible  t o  standardize on sloping apron design nearly 
as rnuch as f o r  the  hor izonta l  aprons, as much more individual  judgment is 
required. The slope and over-al l  shape of t he  apron must be determined 
from economic reasoning, while the  length must be iudged by t he  type and 
soundness of t h e  rock of t h e  r i ve r  bed downstream. The ex i s t ing  s t ruc -  
t u r e s  shown on Figures 35 and 36 should serve a s  a guide i n  proportioning 
fu tu r e  sloping apron designs. 

Sloping Apron Versus Horizonti%l Apron 

A point ,  which it is f e l t  has been misunderstood i n  t he  pas t  
with regard t o  horizontal  aprons f o r  high dams, can now be c l a r i f i ed .  
The Bureau has constructed very few s t i l l i n g  basins with hor izonta l  aprons 
f o r  i ts l a rge r  dams. It has been the  consensus t h a t  t he  hydraulic jump 
on a hor izonta l  apron i s  very sens i t ive  t o  s l i g h t  changes i n  t a i l  water 



b u t  t h i s  c h a r a c t e r i s t i c  can he remedied. S u ~ p o s e  a horizontr i l  apron i s  
designed f o r  a Froude ni~mber of  10. The basin w i l l  opernte s n t i s f a c -  
t o r i l y  f o r  conjugate t z i l  water  depth, bu?, as t h e  t a i l  water i s  lowered 
t o  0 . 9 8 ~ ~  t h e  f r o n t  of t h e  Junp w i l l  b e ~ i n  t o  novc. By t h e  time t h e  t a i l  
water i s  dropped t o  0 . 9 6 ~ ~ ,  t h e  jump w i l l  prok~ahly be completely ou t  of 
t h e  bas in .  Thus t o  design a s t i l l i n g  bnsin i n  this range t h e  t a i l  water 
depth must be known with c e r t a i n t y  o r  a f a c t o r  of  s a f e t y  should be pro-  
vided i n  t h e  design. To guard aga ins t  a deficiency i n  t a i l  water depth, 
t h e  s a c  procedure is  suggested here as  f o r  Basins I and 11. ne fe r r ing  
t3 t h e  ainimum t a i l  water curve f o r  Besins 1 and I1 on Fiqure 11, t h e  
margin of s a f e t y  can be observed f o r  any value of  t h e  Froude number. 
It i s  recornmended t h a t  t h e  t a i l  water depth f o r  nnximun discharge be a t  
l e a s t  5 percent  l a r g e r  than  t h e  minimum shown or: Figure 11. E'or values 
of  t h e  Froude number g r e a t e r  than  9, e 10 percent  fnc%or of s a f e t y  may 
be advisable  as t h i s  w i l l  not only s t a b i l i z e  t h e  jump bu t  w i l l  improve 
t h e  gerformance. With t h e  a d d i t i o n a l  t a i l  va te l ,  dcpth, t h e  ho r i zon ta l  
apron w i l l  perform on a p a r  with t h e  s lop ing  apron. Thus t h e  p r io~c ry  
cons idera t ion  i n  design need not  be hydraul ic  bu t  s t r u c t u r a l .  The bes in ,  
.cii.th e i t h e r  ho r i zon ta l  o r  s l o ~ i n g  apron, which can be c o n s t r u c t ~ d  a t  t h e  
l c a s t c c o s t  is .the nost  d e s i r a b l e .  

Z f f e c t  of Slope of Chute 

k f a c t o r  which occas ional ly  a f f e c t s  s t i l l - i n g  bas in  opera t ion  i s  
t h e  s lope  QF chute e n t e r i n g  t h e  bas in .  The f 'o r~going  experirncntatioc was 
s u f f i c i e n t l y  ex tens ive  t o  shed some l i g h t  on Chis f a c t o r .  The t e s t s  
showed t h a t  t h e  s lope  of  chute upstream from t h e  s t i l l i n g  bas in  wus 
~mimpor tnnt ,  as f a r  a s  jump performance was concerned, s o  long a s  t h e  
v e l o c i t y  dis%ribbution i n  t h e  j e t  enter in^ t h e  jump was reasonably uni-  
form. I n  t h e  case  of s t e e p  chutes  o r  f l a t  s h o r t  chutes ,  t h e  veloci?,y 
d i s t r i b u t i o n  can bc considered normal.. The p r i n c i p a l  d i f f i c u l t y  i s  
experienced w l t h  long f l a t  chutes  where f r i c t i o n a l  r e s i s t a n c e  on bottom 
and s i d e  v a l l s  is  s u f f i c i e n t  t o  produce a c e n t e r  v e l o c i t y  g r e a t l y  zxcecding 
t h a t  on t h e  bottom o r  s ides .  When t h i s  happens, g r e a t e r  a c t i v i t y  r e s u l t s  
i n  t h e  c e n t e r  of t h e  s t i l l i n g  bas in  than  on t h e  s i d e s  producing an 
assymetr ica l  jump with s t r o n g  s i d e  eddies .  Th i s  same e f f e c t  is a l s o  
witnessed when t h e  angle  of divergence of a chute  i s  t o o  g r e a t  f o r  t h c  
water  t o  follow properly.  I n  e i t h e r  case t h e  su r face  of t h e  jump is  
unusual ly rough arld choppy and t h e  p o s i t i o n  of t h e  f r o n t  of t h e  jump is 
not  always p red ic t ab le .  

I n  t h e  case  of e a r t h  dam sp i l lways  t h e  p r a c t i c e  has been t o  make 
the upstream por t ion  unusually f l a t ,  then  s teepen t h e  s lope  t o  2:1, o r  
t h a t  corresponding t o  t h e  n a t u r a l  t r a j e c t o r y  of t h e  jet, immediately 
preceding t h e  s t i l l i n g  bas in .  Figure '1A, which shows t h e  model spi l lway 
f o r  Trenton Dam, i l l u s t r a t e s  t h i s  p rac t i ce .  Bringing an unsymmetrical jet  



the  jump. This i s  not e f fec t ive ,  however, where very long f l a t  slopcs 
a re  involved and thc  veloci ty  d i s t r i b u t i o n  is  cornpletcly out  of balance. 

The most adverse condition has been observed where long canal  
chutes terminate i n  s t i l l i n g  bas ins .  A typ ica l  example is  t h e  chute end 
bs.s in  a t  S t a t  ion 25+.i:? on t h e  South Canal, Uncornpahgre Project  , Colorad.o0 
Figure 37. The operat ion of t h i s  s t i l l i n g  bas in  is  not p a r t i c u l a r l y  
object ionable,  but  it w i l l  serve as an i l l .us t ra t ion .  The above chute i s  
approximately 700 f e e t  long with a slope of G. (992. The s t i l l i n g  bas in  a t  
the  end i s  a l s o  shown on Figure 37. A photogzaph of t h e  prototype bas in  
operat ing a t  normal capacity is shown on Figure 38. The act ion is a 
surging, type, t h e  jump is  unusually rough, with o  eat $mount of splash 
and spray. Two fac to r s  contribute t o  t h e  rough.operation: t h e  unbalanced 
ve loc i ty  d i s t r i b u t i o n  i n  the  enter ing j e t ,  and excessive divergence of t h e  
chute i n  the  s teepes t  port ion.  

A d e f i n i t e  improvement can be accomplished i n  f u t u r e  designs, 
where long f l a t  chutes a re  involved by u t i l i z i n g  t h e  Type 111 basin 
described i n  Section 3. The b a f f l e  blocks on the  f l o o r  tend t o  a l t e r  
t h e  unsymmetrical j e t ,  r e s u l t i n g  i n  an over-a l l  improvement i n  operat ion.  
This i s  t h e  only correc t ive  measure t h a t  can be suggested a t  t h i s  time. 

Recommendat ions 

The following r u l e s  have been devised f o r  t h e  design of s loping 
aprons a s  developed from t h e  foregoing experiments: 

1. Determine an apron arrangement which w i l l  give t h e  g rea tes t  
economy f o r  t h e  maximum discharge condition. This is t h e  gjoverning 
fac to r  t?nd t h e  only j u s t i f i c a t i o n  f o r  using a s loping apron. 

2. Pos i t ion  t h e  apron so t h a t  t h e  f r o n t  of t h e  jump w l l l  form 
a t  t h e  upstream end of t h e  slope f o r  t h e  maximum discharge and t a i l  
water condition by means of t h e  information on Figure 34. Several  
t r i a l s  w i l l  usual ly  be required before t h e  slope and locat ion of t h e  
apron a r e  compatible with t h e  hydraulic requirement. It may be 
necessary t o  r a i s e  o r  lower the  apron, or change t h e  o r i g i n a l  s lope 
en t i r e ly .  

3 .  The length of t h e  jump f o r  maximum o r  p a r t i a l  flows c a n  be 
obtained from Figure 30. The por t ion of  t h e  jump t o  be confined on 
the  s t i l l i n g  bas in  apron i s  a decis ion f o r  t h e  designer.  I n  making 
t h i s  decision,  Figures 35 and 36 may be helpful .  The average over-a l l  
apron i n  Figures 35 and 36 averages 60 percent  of t h e  length of jump 
f o r  tne  maximum discharge condition. The apron may be lengthened o r  
shortened, depending upon t h e  q u a l i t y  of t h e  rock i n  t h e  r i v e r  bed and 







t,he rock dorimstream i s  in  poor condition, it may be a d ~ i s a b l e  t,o make 
t h o  totc.1 l e n ~ t h  of apron thc! same as  the  length of jurnp. 

4. With the  ap rw  dcsigied properly f o r  t he  rnaximum discharge 
condition, the next s tc?  is  t o  bc ce r t a i n  t h a t  t he  t a i l  water depth I( 

nrld l e n ~ t h  o!: busin are sufl'loierlt f o r ,  say, 1./4, 1/2, and 3/4  
czpncity. I f  the t a i l  na te r  depth is su f f i c j en t  o r  in  excess of the  
,ju:ip height  Tor t he  intermediate discharges, t h i s  design i s  acceptab1.e. 
If t h e  t a i l  watcr dcpth i s  dnf ic icnt ,  it may then be necessary t o  t r y  
EI f l a t t e r  slope o r  reposit ion the  sloping port ion of t h e  apron. It 
i:: not necessary t h a t  the f ron t  of t he  .jump form at tfie upstream end 
of the  sloping apron f o r  p a r t i a l  flows. I n  o ther  words, t he  f ron t  of 
the jump may remain a t  Section 1. (Figure 27~), move upstream from 
Section 1, o r  move down the  slope f o r  p a r t i a l  flows, providing t h e  
t a i l  weter depth and length of the  apron a re  considered su f f i c i en t  f o r  
ihese flows. 

5. A horizontal  apron w i l l  perform on a par with t he  sloping 
apron, f o r  high values of the  Froude number, j f  t h e  proper t a i l  water 
depth i s  provided. 

6 .  The slope of t he  chute upstream from a s t i l l i n g  basin has 
l i t t l e  e f fec t  on the  hydraulic jump so long as  t h e  veloci ty  d i s t r i bu -  
t i o n  and depth of flow 37.e reasonably unif.orm on enter ing the  juip. 

7. A small s o l i d  t r i angu la r  s i l l ,  placed a t  t h e  end of t h e  apron, 
i s  the  only appurtenance needed i n  conjunction with t he  sloping apron. 
It serves t o  l i f t  t h e  flow as it leaves t h e  apron and thus ac t s  t o  
control  scour. Its dimensions a re  not c r i t i c a l ;  t he  most e f fec t ive  
height is between 0.05D2 and 0.10D2 and a slope of 3: 1 t o  2: 1 (see  
F i p r e s  35 and 36). 

A spillway should be operated t o  produce a s  nearly symmetrical 
flok- i n  the s t i l l i n g  bas in  as  possible. (This appl ies  t o  a l l  s t i l l i n g  
bas ins , )  Unsynmetry produces large  horizontal  eddies t h a t  can carry  r i ve r  
bed material  onto the  apron. This materiel ,  motivated by t h e  energy i n  
the eddies, can abrade t he  apron and appurtenances i n  t h e  basin at a 
very surpr is ing r a t e .  These eddies ca! a l so  undermine wing walls and 
s e t t l e  r iprap.  Unsymmetrical operation is  expensive operation, and 
operators should be continuously reminded of t h i s  fact. 

Where the  d i s c h a r ~ e  over high spillwtrys exceed 500 c f s  per foot  
. 

of apron width, o r  where the re  is any form of unsymmetry involved, a 
model study is  advisable. For t he  higher values of t h e  Froude number, 
s t i l l i n g  basins become increasingly expensive, and t h e  performance l e s s  



serve t he  purpose better and rrorc econo!nlcnlly t h a n  e s t i l l . i n , z  basin. 
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